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ABSTRACT 
 
Hybrid metal-composite joints are now common features in most light weight structures due to 
the adoption of composite, particularly carbon fibre reinforced polymer (CFRP). However, 
this connection is highly problematic and current joining practice is undesirable as bolted 
joints result in severe structural discontinuities while bonded joints exhibit low damage 
tolerance under a reasonably sized flaw in opening tensile load. Both artificial joining 
technologies have now reached their limits for current forged and machined metallic alloy 
components. Comparatively, natural joints are widely observed to exhibit hierarchical 
attachment features involving basic interface adhesion with additional reinforcing energy 
absorbing mechanisms. This strategy can be mimicked effortlessly with the use of additive 
manufacturing such as Selective Laser Melting (SLM) techniques where natural hierarchical 
surfaces textures can be simply integrated on the metallic part. This PhD thesis aims to 
characterise the basic adhesion properties of as-built SLM parts and the additional energy 
absorbing mechanisms as well as developing numerical models capable of capturing and 
predicting the several level adhesion for detailed analysis and optimisation.  
The adhesion properties of as-built SLM components were experimentally 
investigated in term of damage tolerance under opening tensile load using Mode I (opening) 
Double Cantilever Beam (DCB) fracture tests. Two type of joints were examined; Titanium-
Titanium adhesively bonded using FM-300K adhesive film, and Titanium-CFRP composite 
that is co-cured. The damage tolerance was characterised by measuring the fracture energy 
required for a pre-crack to grow (R-curve), while the damage mechanisms were identified 
during test and through post-fracture surface investigation using scanning electron 
microscope. The R-curves indicated optimal fracture toughness of both types of joint with 
fracture occurring at the centre of the adhesive layer or in between the composite plies, which 
suggests interface strength is much higher than the adhesive strength and composite 
interlaminar strength. This was found to be attributed to the intrinsic micro surface 
morphology of as-built SLM components consisting of a large number of partially melted 
particles with protruding dome shapes similar to those seen in advanced treated surfaces and 
natural joining surfaces. A brittle resin fracture mechanism was observed for titanium-
titanium adhesive joints while additional fibre bridging was seen for the titanium-CFRP joint. 
The R-curves and damage mechanisms of both joints were accurately captured with the 
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developed numerical models using cohesive interface elements and a superposing procedure 
for multiple damage mechanisms. In this work, the adhesion properties of as-built SLM 
surfaces were characterised experimentally and numerically for the first time. Further, it was 
found SLM manufactured titanium surfaces can be used in adhesive bonds without the need 
for expensive and time-consuming surface preparation. 
 Implementing the same characterisation procedure, the effect of nature-inspired 
surface features in the form of repeating grooves or dimples in and out of the metal adherend 
surfaces was investigated. The macro feature height was 200 µm and was inherently covered 
with partially melted particles making these features operating hierarchically at two different 
length scales. Experimentally, the features were found to increase the fracture toughness of 
the titanium-composite joint by as much as 50% for the outward protruding grooves. This 
was attributed to the intrinsic micro surface morphology of the as-built SLM part and the 
wavy crack path produced by the composite fibres conformed to the macro features which 
promoting cracks deflection. Numerically, the two contributing factors of crack deflection 
were identified to be the increase in the crack path length and the shift from pure mode I to 
mixed-mode crack growth. The respective contribution of the two factors was quantified. 
This work provides detailed characterisation and the required criteria to achieve crack 
deflection for hybrid metal-composite joints. In addition, SLM additive manufacturing 
technique is shown to be capable of effortlessly incorporating nature-inspired surface features 
to achieve multiple levels of adhesion, which is not possible with conventional (subtractive) 
manufacturing process. 
 The effect of mechanical interlocking mechanisms on the adhesion response of hybrid 
metal-composite joints was also characterised using experimental, finite element and 
analytical methods via a multi-scale analysis approach. At a structural scale, DCB specimens 
reinforced with rows of through-thickness reinforcement pins were examined experimentally. 
The R-curves showed an enhancement in initiation and steady-state fracture energy by 250% 
and 365%, respectively. At a unit cell scale, single pin-reinforced hybrid joint specimens with 
different pin geometries were loaded under tension and two essential properties were derived: 
(1) the pin/composite interface bond strength of 48MPa, which is 3.5 times higher than 
comparable z-pinning systems, (2) a critical geometric length/diameter ratio of 4.0, above 
which the pin fractures with little energy absorption and below which the pin pulls out 
absorbing large amounts of strain energy. An analytical single pin pull-out law was 
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developed and incorporated into a numerical model, which shows close correlation of 
adhesion behaviour between single pin and multi-pin joints. In addition, design guidelines 
were developed for optimal joint performance in terms of pin density, pin distribution, and 
pin length. This work provides new findings regarding correlation between pin behaviour in 
unit cell and in multi-pin joints which had not been shown previously due to the inherent 
defects of conventional manufacturing procedures. Furthermore, an analysis methodology 
was established that can be applied to design and optimise pin-reinforced composites and 
metal-composite hybrid joints. 
 The analysis method was extended to characterise the performance of pinned hybrid 
joints under a wide range of conditions including mixed mode loading effects, support 
conditions, pin insertion orientations and pin surface features. Under mode mix loading 
conditions, complex damage mechanisms such as matrix spalling, pin plastic deformation and 
composite damage took place under the effect of pin/composite contact. Despite that, the 
overall pull-out energy of single pins and resultant fracture toughness of multi-pin joints 
remained similar for all studied mode mix range. Moreover, the orientation of mode mix 
loading with respect to crack direction and fibre direction has little effect on the overall pull-
out energies. In term of constraints, the single pin pull-out process under “relaxed” constraint 
absorbs 65% more energy than under fixed conditions. Further, it was found that the damage 
mechanisms and overall fracture toughness of the multi-pin joint in a DCB configuration 
correlates well with the single pin under fixed constraint types. Finally, pins with grooved 
surface features significantly enhanced the toughness of the hybrid joint to 13 times the 
unpinned joint with a more progressive damage mode. The outcome of this work adds major 
insight in the current body of knowledge for pins reinforced hybrid metal-composite joints. 
 The final part of this thesis was dedicated to the development of a high fidelity 
numerical model for the single pin pull-out behaviour, which cannot be analytically predicted 
due to the concurrent complex damage modes of different materials. The mesh of this model 
was generated to closely follow the microstructure of the specimens. Several damage models 
were incorporated simultaneously in this numerical procedure to capture pin fracture, 
interface degradation, resin matrix crushing, composite failure and contact pressure between 
the pin and the composite part. The new modelling methodology of the interface is developed 
with interface elements and a Coulumb friction/pressure relationship. This numerical model 
accurately predicted all aspects of the pin pull-out process including damage sequence, types 
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of damage and load vs displacement response when compared the numerical results with 
experimental data. Subsequently, an extensive numerical study was carried out to determine 
the critical length/diameter aspect ratio of the pin to achieve pull-out mechanism under mixed 
mode loading condition. It was found that under pure Mode I (tensile) loading condition, pin 
pull-out can, in fact, be achieved with an aspect ratio of 5, which could not be determined 
exactly due to the size of the experimental test matrix. Further, this critical aspect ratio 
gradually reduced under mixed mode loading condition and remained at 1.5 for pull-out 
under Mode II (shear) loading. The close correlation with experiment data indicates high 
predictive capabilities of this high fidelity model and the results can be used in combination 
with structural scale model to accurate determine the overall joint behaviour.  
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CHAPTER 1.      INTRODUCTION 
 
Heavy adoption of Carbon Fibre Reinforced Polymer (CFRP) composites in modern 
aircraft structures is making the use of hybrid composite-metallic joints a common structural 
feature, so the need to optimise this type of connection is a key challenge. The use of bolted 
joints is standard for metal-only aircraft, but is not optimal for composites due to their 
sensitivity to the resultant stress concentrations and corresponding fatigue issues. As such, 
bonded joints are more preferred for metal-composite connections, and can provide further 
efficiencies through better stress distribution and reduction in part count. Despite this, bonded 
joints present a challenge for use in aircraft structures, due to certification issues caused by 
the lack of damage tolerance and challenge in ensuring high bond qualities. 
In contrast to the challenges of man-made joints, natural joints have evolved through 
millennia to develop a non-destructive hierarchical attachment strategy operating at various 
length scales to provide strong connection between the adherends. The first micro level of 
this strategy involves a basic interface adhesion attributed to chemical bonding and micro 
surface texture of the adherends. This is integrated with a second (macro) level surface 
feature that is capable of deflecting cracks or providing mechanical interlocking effects to 
further strengthen the joint.  
Recent research efforts in Additive Manufacturing (AM) have resulted in techniques 
such as Selective Laser Melting (SLM) that are able to fabricate load-carrying structures of 
complex geometry by selectively melting a metal powder layer upon layer. The design 
“relaxed”dom capability allows SLM to effortlessly incorporate all types of macro features 
seen in nature. In addition, the inherent micro surface morphology of an as-built SLM surface 
is known to exhibit a large amount of partially melted particles with protruding dome-shaped 
features. This naturally makes all integrated macro features a hierarchical structure 
potentially suitable for bonding application with toughening mechanisms similar to what is 
seen in nature, which is a novel concept for AM technology. However, knowledge of bonding 
properties of each level is not known and must be investigated. 
Much can be learnt from current literature on bonded joints. In terms of basic 
interface adhesion, advanced surface treatment of the metallic adherend is standard practice 
to a produce micro surface texture consisting of uniformly distributed ridges at a length scale 
ranging from 1 µm to 10 µm. Such surface texture is known to improve bonding properties 
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and is similar to bonding surfaces of natural material as well as the inherent surface of SLM 
components. However, this is still a single level adhesion mechanism and the critical lack of 
additional strengthening mechanisms such as mechanical interlocking or crack deflection 
fundamentally limits the damage tolerance of this joint.  
Substantial research has been undertaken on advanced procedures to produce macro 
scale surface features. Crack deflecting hierarchical features at macro level (200 µm or at 
least one order of length scale higher than micro features) such as grooves or dimples have 
been studied numerically and shown to successfully improve the adhesion properties and 
damage tolerance of an adhesive joint.  However, due to the limitation of most conventional 
(subtractive) manufacturing processes, the only macro pattern experimented on to date are 
cut-out grooves, which were reported to be ineffective at deflecting cracks. The contradiction 
of experimental results with numerical results and natural systems indicates the lack of 
understanding of adhesion properties on the macro scale. Further study is essential to identify 
the required criteria to achieve the crack deflection phenomenon and to quantify the 
contributing factors. 
Mechanical interlocking features are a more recent development in hybrid metal-
composite joints that integrate through-thickness reinforcements in the form of circular pins 
within the composite. The concept resembles nature’s hooking mechanism and is similar to 
the concept of z-pin reinforced composite. This joining technique has been shown 
experimentally to significantly increase energy absorption due to mechanical interlocking 
effects. Yet, there is critical lack in understanding of how pin geometry parameters, loading 
conditions and interface properties relate to pin performance and failure modes. Additionally, 
no predictive numerical model is available to accurately capture the adhesion response and 
damage modes for this type of joint. These knowledge and modelling capabilities is essential 
for a full understanding of how hybrid joints perform and can be analysed, predicted and 
optimised. 
The incorporation of crack deflection and mechanical interlocking surface features is 
a highly involved process which can be costly, environmentally unfriendly due chemical 
processing and time consuming. Drawing inspiration from the biological adhesion techniques, 
design “relaxed”dom of SLM and its inherent surface texture, this PhD thesis aims to develop 
innovative bio-inspired hybrid metal-composite joining concepts for optimal performance. 
Essentially, the hierarchical adhesion features of natural material are mimicked and integrated 
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through the use of macro features on the metallic component, which is combined with the 
inherent micro surface features of a typical as-built SLM surface. This innovative bio-
inspired adhesive-mechanical joint has potential for significant efficiency gains in aircraft 
structures.  
The PhD thesis demonstrates the novel bio-inspired hierarchical joining concept as a 
viable option for aerospace hybrid metal-composite joint through the following research and 
development tasks: 
1. Characterisation of adhesion properties of SLM manufactured Titanium (Ti-6Al-4V). 
2. Characterisation of the effect of macro surface features on adhesion properties for 
SLM metal-metal and SLM metal-composite hybrid joints. 
3. Characterisation of the effect of pins in SLM metal-composite joints on the adhesion 
response in terms of pin geometry, angle, and loading conditions. 
4. Development of a numerical modelling methodology capable of capturing the damage 
modes and adhesion behaviour of metal-composite hybrid joints at different length 
scales. 
The following research questions are addressed in this thesis: 
1. What is the adhesion behaviour of SLM manufactured surface in term of strength and 
fracture toughness? 
2. What is the adhesion response of imprinted SLM macro surface feature and how does 
crack deflection increase fracture toughness? 
3. What is the contribution of integrated pins to the adhesion properties of metal-
composite joints? 
a. How do pin geometry parameters affect the failure mechanisms of a pinned 
metal-composite joint? 
b. How do mode mix loadings, support conditions and pin features parameters 
affect the joint performance? 
4. What are the requirements, predictive capabilities and limitations for a numerical 
modelling methodology capturing the adhesion response of metal-composite joints at 
different length scale for each level of adhesion? 
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The following deliverables are identified as the key output of this PhD thesis: 
1. Adhesion parameters of as-built SLM surfaces in terms of mechanical properties and 
damage mechanisms are determined experimentally and numerically. 
2. Criteria for crack deflection are established experimentally and the contributing 
factors for enhanced adhesion are identified numerically 
3. Pin integrated metal-composite joints are optimised in term of fracture toughness with 
respect to pin geometry, manufacturing conditions and loading conditions 
4. Correlation of pin performance of joints at different length scales is established for the 
first time without any fitting based on unit cell characterisation 
5. Several numerical models are established capable of capturing mechanical 
performance and damage mechanisms of basic adhesion, crack deflection, and pin 
interlocking. 
 
1.1.   THESIS OUTLINE 
Chapter two of the thesis provides a comprehensive literature review that covers all 
relevant aspects of aerospace hybrid metal-composite joints. In particular, the limitations of 
current joining practices are evaluated and the possibility of an innovative bio-inspired 
concept based on natural materials is proposed. Further, feasible manufacturing techniques 
capable of mimicking natural joints are identified and critical aspects in terms of 
manufacturing process, part quality, and mechanical properties are reviewed. Finally, a 
detailed investigation of all current bonding enhancement techniques is performed where 
limits and gaps at each bonding level are identified. The SLM additive manufacturing process 
is utilised to address each specific concern and to improve the current state of the art in 
joining technology 
Chapter three investigates the adhesion of as-built SLM surfaces and the crack 
deflection techniques using dimples and groove features. In this work, adhesion of both 
metal-metal and metal-composite joint was experimentally characterised in terms of fracture 
toughness and damage mechanism using Mode I crack growth Double Cantilever Beam 
(DCB) specimens. Results were compared to typical performance of advanced surface treated 
hybrid joint. A numerical model was developed based on the micro-structure of the bond-line 
to capture the hierarchical adhesion performance and the associated damage mechanisms 
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during crack propagation. Lastly, this modelling approach was used to identify and to 
quantify the contributing factors of the established crack deflection mechanism. 
Chapter four characterises the performance of pin integrated metal-composite hybrid 
joints at different length scales. Single pin specimen under pull-out load and DCB specimens 
reinforced with rows of pins were investigated using experimental, finite element and 
analytical methods. Several pin geometries were examined experimentally to identify the 
adhesion properties of the pin and in turn critical length/diameter aspect ratio for optimal 
failure mode and maximum energy absorption. An analytical model was developed to capture 
the overall pull-out behaviour of a single pin in term of damage modes and load carrying 
capability. A numerical model was also established to capture the critical correlation between 
single pin and multi-pin joints using inputs of basic adhesion properties and the analytical 
pull-out model. Finally, optimisation is performed in terms of pin density, pin distribution, 
and pin length.  
Chapter five explores the design space of pin integrated hybrid joints in terms of 
manufacturing options, loading conditions, support types, and pin features. In this work, the 
single pin specimen is applied under tensile loading using two different support conditions, 
where the adherends are completely fixed or “relaxed” to translate horizontally. Various pin 
shapes and orientations with respect to the loading direction and composite fibre direction 
were investigated to represent the range of conditions in industrial structure. Detailed damage 
mechanisms were determined using X-ray Computer Tomography (CT) scans and damage 
profiles were compared between single and multi-pin joints. The numerical procedure 
established in Chapter four was also used to correlate the load - displacement behaviour and 
to predict the fracture toughness of different pin shapes. 
Chapter six is dedicated to developing a high fidelity numerical model to capture the 
pull-out behaviour of the single pin under mixed mode loading due to the complex damage 
and consistently changing boundary conditions, which cannot be captured with analytical 
methods. The mesh was developed based on the micro-structure of the specimens. Damage 
models of different materials were outlined in details. The modelling methodology of the 
interface capable of capturing several simultaneous damage mechanisms was developed. The 
methodology was subsequently used to investigate the effect of pin length/diameter aspect 
ratio on pull-out response under mixed mode loading.  
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Chapter seven discuss the overall conclusion drawn from adhesion behaviour of the 
as-built SLM surfaces, the effect of crack deflection techniques and the integrated through-
thickness reinforcement pin. Recommendations are also given for future research work. 
1.2.   PUBLICATION 
The work of this PhD thesis had been published to date in two journals and two conference 
papers. 
 Conference Papers 
1. Alex T.T Nguyen, Brandt M, Orifici AC, Feih S. Application of Selective Laser Melting 
(SLM) for hybrid aerospace structure [online]. In: 8th Australian Congress on Applied 
Mechanics: ACAM8. Barton, ACT: Engineers Australia, 2014: 280-288 
2. Alex T.T Nguyen, Brandt M, Feih S, Orifici AC. Bio-inspired metal-composite hybrid 
joints. Advanced Composites Innovation Conference. 2016 (best paper award) 
3. S. Feih, A.T.T. Nguyen, I. Ullah, M. Brandt and A.C. Orifici, “Numerical simulation of pin 
pull-out for hybrid joints: comparison of detailed 3D versus simplified 2D and 1D modeling 
approaches“, South East Asia Simulia Regional Users Conference, Singapore, October 2016 
 
 Journal Papers 
1. Alex T.T Nguyen, Brandt M, Orifici AC, Feih S. Hierarchical surface features for 
improved bonding and fracture toughness of metal–metal and metal–composite bonded joints. 
International Journal of Adhesion and Adhesives. 2016;66:81-92. 
2. Alex T.T Nguyen, Brandt M, Feih S, Orifici AC. Pin pull-out behaviour for hybrid metal-
composite joints with integrated reinforcements. Composite Structure. 2016, 101155, pp 160-
172 
3. Nguyen ATT, Amarasinghe CK, Brandt M, Feih S, Orifici AC. Loading, support and 
geometry effects for pin-reinforced hybrid metal-composite joints. Composites Part A: 
Applied Science and Manufacturing. 2017;98:192-206 
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CHAPTER 2.     LITERATURE REVIEW 
 
2.1.   CHAPTER SUMMARY 
Hybrid metal-composite joints are increasingly being used in many engineering 
structural application especially in the aerospace industry due to the heavy adoption of CFRP 
composites. Current joining practice of dissimilar materials is generally limited to the use of 
metallic fasteners, which is not preferred as composite materials exhibit high notch sensitivity. 
Additionally, the brittle nature of CFRP composites leads to stress concentrations and can 
result in premature failure of the joint. Theoretically, adhesive joints are more ideal for hybrid 
composite-metallic joints with uniform stress distribution in the composite material although 
this type of joint often displays very low damage tolerance. Both of these artificial joining 
technologies have little resemblance to natural joints and have now reached their limits for 
current forged and machined metallic alloy components. However, recent advances in 
metallic additive manufacturing technologies such as Selective Laser Melting open up more 
previously unused design space to achieve hybrid structures with higher strength-to-weight 
ratio, higher damage tolerance, longer inspection cycles, and hence lower maintenance costs 
for modern lightweight structures. This chapter reviews the standard practices of hybrid joints, 
and a comparison is made with natural joints to analyse the potential for further improvement. 
Moreover, the additive manufacturing process of SLM is reviewed in terms of printing 
parameters, capabilities, inherent surface topology, and mechanical properties. Finally, the 
detailed study on adhesive joint and all bonding enhancement techniques is summarised and 
discussed to investigate the current gaps in literature. 
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2.2.   AEROSPACE HYBRID STRUCTURAL JOINT 
2.2.1.   Artificial Joints 
The use of composites has increased drastically in recent years due to the high in-
plane properties of strength and stiffness, and the flexibility to tailor these properties to suit a 
particular loading condition. Through these advantages, the aerospace industry has adopted 
CFRP composite for the fabrication of primary structural components in new aircraft designs 
(1, 2). Figure 1 shows the growth of composite usage in the aerospace sector and the 
proportion of composite material for modern aircraft such as Boeing 787 and Airbus 350.  
 
Figure 1: Composite usage in the commercial aerospace sector
 (3) 
 
The integration of these two very different materials is making the use of hybrid 
metal-composite joints more common, and the need to optimise the connection between 
dissimilar materials is of essence for lightweight structures. Typical examples of hybrid joints 
are indicated in Figure 2 showing a metallic hinge bolted to CFRP composite panels such as 
undercarriage doors and trailing edge devices. These hinges often require special equipment 
for drilling and milling processes to reach the final net shape of the part. This can be 
particularly extensive in the case of titanium components due to the high toughness and 
hardness properties of the material. 
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(a) (b) 
Figure 2: Metallic hinge bolted to CFRP composite at (a) undercarriage door
(4)
; (b) control 
devices
(5)
 
 
For certification of fail-safe design, the majority of hybrid structural joints in the 
aerospace industry are currently mechanically fastened by the use of bolts or rivets. A typical 
bolted joint is displayed in Figure 3a. Fundamentally, this type of joint is not preferred as 
through-thickness drilling damages the composite and creates discontinuity in the structure 
by damaging/cutting the continuous composite fibres. Another significant issue is the 
possible water ingression, which degrades the material properties of the composite and 
corrodes the metal component, hence reducing the joints performance. For these reasons, 
bolted joints generally require sealing to avoid water ingression and a thicker composite part 
to maintain lower stress. All these factors essentially compromise the potential weight saving 
advantage of composite materials (6, 7).  
 
 
 
 
(a) (b) 
Figure 3: Typical metal-composite (a) bolted joint; (b) bonded joint
(8)
 
 
The majority of the aforementioned problems with bolted joints are eliminated with 
adhesive joints (see Figure 3b). In contrast to the bolted joint, an adhesive joint provides a 
continuous structure hence better stress distribution and in turn better fatigue properties. 
Furthermore, adhesive joints eliminate the weight of bolts and tooling required to perform the 
Titanium Adherend CFRP Adherend 
Titanium Adherend 
CFRP Adherend 
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joining process. Perhaps one of the biggest advantages of adhesive joints within the 
framework of lightweight structures is the ability to join dissimilar structures efficiently and 
effectively. These advantages make adhesive joints a more popular option for joining 
dissimilar materials (7). While being theoretically effective, bonded metal-composite joints 
are often weak under tensile peeling loads and exhibit low damage tolerance caused by 
having no mechanical connection between components (6, 7). This results in sudden drops in 
load-carrying ability and in turn catastrophic failure of the joint. Additionally, the current 
lack of ability to ensure bond integrity (kissing bonds) is a critical issue. Consequently, 
adhesive joints are currently not a preferred option at critical load transferring locations in 
aerospace structure, which requires a progressive type of failure to be monitored during 
regular maintenance intervals.  
2.2.2.   Natural Joints 
Natural materials such as Bovidae horns and English Ivy have evolved through 
millions of years to develop the ability to resist the development of cracks and fracture to suit 
a particular biological function such as offense and defence during fighting, or staying 
attached to a host material. These highly enhanced interface properties are attributed to 
unique structures of each material that offer multiple levels of attachment and fracture 
features.  
  
(a) (b) 
Figure 4: Laminated sheathes of Bovidae horns showing (a) wavy pattern and (b) micro 
surface texture
(9)
 
Wavy Pattern 
Micro Surface Texture Micro Surface Texture 
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The Bovidae horn is essentially made up of laminated sheathes of keratine material 
widely found in bones, vertebrates and beaks. These sheathes have a wavy surface pattern 
that resists the nucleation and propagation of cracks (see Figure 4a). Consequently, the cracks 
can only grow by deflecting around the wavy pattern, which requires a large amount of strain 
energy (10). Moreover, the surface texture involves micro roughness integrated on top of 
each sheet to provide bonding friction, which restricts the relative movement of neighbouring 
lamina (see Figure 4b). The combination of both adhesion mechanisms results in an 
exceptional ability to resist crack growth. Li et al. (11) experimentally performed Mode I 
fracture tests to determine a critical fracture energy of 12.5 kJ/m
2
, which is considerably 
higher than typical initiation fracture toughness of CFRP composite material of 0.2 kJ/m
2
.  
   
(a) (b) (c) 
 
 
(d) (e) 
Figure 5: Hierarchical adhesion process of English Ivy (a) initial contact; (b) formation of 
root hair; (c) shape modification to adapt with irregular surface; (c) roots surface texture; 
(e) surface particles to enhance bonding
(12)
 
 
Similarly, the English Ivy exhibits two adhesion mechanisms to firmly attach to a host 
material (12). The adhesion process starts with English Ivy making contact with the host 
material e.g. brick walls (see Figure 5a). The vines subsequently produce a formation of roots 
to grow into the micro crack that exists on the climbing substrates (see Figure 5b). When 
dried, the body of English Ivy bonds with the surface of the wall while the roots structurally 
Interface Adhesion 
Interlocking Effect 
Surface Particles 
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adapt to the internal topology of the micro crack (see Figure 5c). Further investigation shows 
release of chemicals from the body of Ivy to provide adhesion with the contact surface (see 
Figure 5d). In addition, a significant number of small particles (see Figure 5e) were also 
discovered on the root surfaces, which were attributed to the enhancement of the bonding 
properties. It was also reported that the length and diameter of the roots varied according to 
the surface topology of the micro crack to naturally optimise for strength. Essentially, the 
chemical bonding at the Ivy/wall contact surface provides interface adhesion, while the 
hooking action of the roots provides strong mechanical interlocking mechanisms to further 
resist the pull-out motion.  
Fundamentally, natural joints exhibit hierarchical attachment strategies that provide 
strong connections with little to no destruction to the adherends. The attachment strategy 
consists of micro level surface texture integrated on top of the macro features. The first level 
surface texture is often roughened to enhance interface bonding, while the second level 
features offer additional energy absorbing mechanisms such as crack deflection or 
mechanical interlocking to further reinforce the joint. This system is significantly different to 
the artificial bolted joint, which is destructive and inefficient due to the notch sensitivity of 
CFRP composite material. On the other hand, artificially bonded joints through chemical 
adhesion are more related to natural joints. However, due to the critical lack of second level 
crack deflection features and mechanical interlocking effects, the current bonded joints do not 
display the damage tolerance characteristics shown in nature. Inspired by nature, this PhD 
aims to incorporate the macro features through the use of advance manufacturing process to 
enhance the current state of bonded joints. 
2.3.   SELECTIVE LASER MELTING MANUFACTURING 
2.3.1.   Current state of Additive Manufacturing 
Additive Manufacturing (AM) is a process of joining materials to produce a 3D object 
in a layer by layer manner. It was first developed and referred to as Rapid Prototyping. Over 
the past decade, research efforts have progressed Additive Manufacturing from just Rapid 
Prototyping to Direct Manufacturing of functional parts that meet standard specification in 
term of shape, material and mechanical properties. These parts, ranging from polymer to 
metal, are currently produced for various niche markets in different sectors.  
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Figure 6 indicates the major applications of AM technology in 2014-2015. AM 
technology is currently a $7 billion industry with double digit growth and is still increasing 
exponentially (13). The reasons behind this are the potential cost saving, enhanced design 
“relaxed”dom and adaptability to changes that the technology offers over the conventional 
subtractive manufacturing technology. Fundamentally, AM offers just-in-time manufacturing 
capability with minimal material wastage and required tooling. The versatile fabrication 
nature also allows highly complex parts to be produced in short notice thus reduction in 
inventory and quick reaction to demands. Figure 7a shows a typical application of the AM 
process to fabricate just-in-time medical implants for hip replacement. 
 
Figure 6: Major Application of Additive Manufacturing 
(13) 
 
Powder bed fusion and wire feed systems are two major categories of AM (14) that 
are able to produce components using a variety of materials. In general, AM metallic 
components are produced most successfully from a powder bed fusion process such as 
Selective Laser Sintering (SLS), Selective Laser Melting (SLM), Direct Metal Laser 
Sintering (DMLS) and Electron Beam Melting (EBM). All of these processes require a 
thermal energy source either by laser in the case of SLS and SLM or electron beam for the 
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case of EBM to melt and bind the metallic particles. Each of these processes has inherent 
advantages and drawbacks based on productivity, repeatability, geometrical flexibility and 
surface quality. SLM is characterised by medium productivity, good repeatability and 
medium to high surface quality (15), and is suited to produce high quality metallic functional 
parts for most applications. One of the latest breakthroughs in the application of additive 
manufacturing on hybrid aerospace structures is the implementation of hybrid titanium-CFRP 
composite fan blade on the modern aerospace engine model such as GE9X (GE Aviation) and 
Advanced (Rolls Royce), which offer 30% reduction in weight and 20% boost in 
efficiency/emission reduction (16). In this system, the composite fan blade is bonded to a 
titanium leading edge (17) made by the additive manufacturing process (see Figure 7b).  
                   
(a) (b) 
Figure 7: (a) Hip replacement;(b) Hybrid metal-composite fan blade
(16) 
 
2.3.2.   Selective Laser Melting Manufacturing 
A schematic of a typical SLM system is shown in Figure 8. This manufacturing 
process usually starts with a 3D CAD design that is subsequently converted to standard STL 
file (solid to layer) to process for build orientation and slicing phases. This slicing phase is of 
high importance as it determines the dimensional accuracy and quality of the parts. The 
slicing thickness of each layer is typically between 20 µm to 150 µm. Prior to printing, the 
build chamber is pre-heated and filled with inert gas Argon to avoid oxidation of the parts 
and degradation of the metal powder (18). Consequently, the first layer of powder is 
deposited by raising the powder feed piston and lowering the build piston while the material 
Additive Manufactured 
Titanium casing 
CFRP Composite 
AM part 
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spreader rolls a layer of powder into the build chamber (see Figure 8). The laser beam will 
selectively scan the area of the printed part. Depending on the metal alloy, the laser energy 
can be tuned to fully melt a pool of particles thus providing bonding between particles 
leaving theoretically no porosity after solidification. The process is repeated until the 
complete shape of the component is achieved. Once completed, the part is left inside the 
build chamber for a cooling period to avoid uneven thermal contraction and residual thermal 
distortion. The remaining unbound powder particles are filtered and stored for further 
fabrication. Depending on the orientation of the part with respect to the power bed, supports 
are generally used to prevent collapse of the molten area inside the powder bed.  
 
Figure 8: Schematic of a typical SLM system
(13)
 
 
One key aspect of SLM components is the surface quality of the fabricated 
component when compared to conventional manufacturing processes. Figure 9a shows the 
typical surface morphology of an SLM part that is uniformly covered with partially melted 
particles. This type of surface morphology is an inherent effect as SLM manufacturing uses 
high thermal energy to melt powder particles, and the molten pool at the building focal point 
will dissipate heat causing the adjacent particles to be partially melted and attached to the 
component faces. Figure 9b illustrates the heat dissipation process and partially melted 
particles attached to the surface of the SLM component. Comparatively, the average surface 
roughness of an SLM component is 10 µm to 15 µm, while the machined surface roughness 
is 1 µm to 2 µm. Strano et al. (19) showed little change in surface roughness ranging from 12 
Page 33 
μm to 16 μm with increasing building angle from 5o to 90o for a powder based manufacturing 
process as particles inherently attached to the surface due to thermal dissipation.  
  
(a) (b) 
Figure 9: (a) Surface characteristic of SLM component caused by (b) particle  attachment 
due to heat dissipation effect
(20)
 
 
2.3.3.   Material properties of SLM components 
The mechanical properties of SLM manufactured titanium Ti-6Al-4V (Ti64) 
components are shown in Table 1 along with conventional and other additive techniques. The 
modulus of the as-built Ti64 is equivalent to the conventional material. However, due to the 
rapid cooling during the SLM process, the microstructure of the SLM Ti64 part is highly 
martensitic in contrast to the balanced lamellar (α + β) microstructures of the conventional 
material (21). Subsequently, the strength of SLM Ti64 rises by 30% while ductility is reduced 
by 45% (22, 23) (see Figure 10). In addition, there are slight variations of approximately 4% 
in term of strength and ductility when build orientation is changed from vertical to horizontal 
(24, 25). This was reported to be an effect of grain orientation with respect to the loading 
direction (24). 
Table 1: Tensile properties of Ti-6Al-4V
(22, 23)
 
 Annealed STA EBM SLM 
Modulus of Elasticity (GPa) 113.8 114 120 110-115 
Tensile Yield Strength (MPa) 880 1100 958 1027-1180 
Ultimate Strength (MPa) 950 1170 1030 1200-1300 
Poisson’s Ratio 0.342 0.33 -- 0.32 
Elongation at Break (%) 15-20 10 12-16 9.3 
Partially Melted 
Particles 
200 µm 
Partially Melted 
Particles 
Page 34 
 
Figure 10: Stress vs strain of the “as manufactured” SLM produced and conventional 
Ti-6Al-4V 
(23, 26) 
 
Despite the shortcomings in ductility, the mechanical properties of SLM Ti64 are 
comparable or outperform conventional Ti64 in the other categories. Along with the design 
“relaxed”dom to manufacture complex geometrical components, the SLM technique is shown 
to be capable of producing functional load-carrying components such as metallic hinges for 
connection with CFRP composite (see Figure 11a) without additional tooling. In addition, 
macro surface features shown in section 2.2.2.   capable of deflecting cracks or providing 
mechanical interlocking effects can be effortlessly incorporated on to the surface during the 
printing process. Together with the inherent surface texture (see Figure 9a), it is postulated 
that hierarchical bio-inspired bonding features (see Figure 11b) can be produced to provide 
bonded joints with strength and damage tolerance capable of replacing the current standard of 
bolted hybrid joints. 
 
 
(a) (b) 
Figure 11:  Sample metal-composite fitting, incorporating (a) bolts or (b) bio-inspired 
hierarchical features 
Bolts 
CFRP Composite 
Metallic Fitting 
Integrated Features 
across Bonded Surface 
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2.4.   CURRENT PRACTICE AND RESEARCH IN ADHESIVE JOINT 
The innovative concept of hierarchical adhesion for hybrid joints has not been studied 
previously; though relevant aspects have been studied. Each aspect with regards to the 
bonding performance of micro and macro level features are reviewed here from currently 
available literature on bonded joints. This section reviews the bonding capabilities and 
limitation of features at each length scale to gain understanding on the respective working 
principles as well as the shortcomings that must be addressed. 
2.4.1.   Micro level surface features 
Interface adhesion is an intimate intermolecular connection between two surfaces. It is 
a multi-physics phenomenon that can be explained with various theories such as diffusion, 
mechanical, chemical, and thermodynamic principle. Each of the theories explains the nature 
of bonding by different phenomena and generally follows with a surface treatment procedure 
for optimal adhesion. The fundamentals of these adhesion theories have been extensively 
reviewed in (6, 27). This section summarises key requirements for good adhesion, advanced 
surface treatment methods, effect of surface roughness, and suitable quantification methods 
for adhesion performance. 
2.4.1.1.   Requirements for good adhesion 
Good adhesion essentially requires mechanical interlocking between adhesive and 
substrates, formation of the chemical bond and clean adhering surfaces.  
  
(a) (b) 
Figure 12: (a) Illustration of mechanical interlocking
(27)
; (b) types of surface irregularities
(28) 
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Mechanical interlocking is not a bonding mechanism at a molecular level. It is a 
technical means to increase adsorption of the adhesive on to the substrates. Roughness and 
surface porosity are the main factors that affect mechanical interlocking (see Figure 12a). The 
topography of the surface roughness has a strong influence on the effectiveness of 
mechanical interlocking mechanism. As suggested by van der Leeden and Frens (28), there 
are three types of surface irregularities that can exist on a surface (see Figure 12b), however, 
only type (a) forms an efficient mechanical interlocking effect. 
 
 
(a) (b) 
Figure 13: Wetting effect on spreading of adhesive
(29)
; (b) contact angle in sessile drop test 
(30)
 
 
The effect of mechanical interlocking is only possible in the presence of sufficient 
wetting on the surface. Figure 13a shows poor wetting on a substrate surface that prohibits 
the adhesive to penetrate into the pores and thus prevents formation of the adhesive bond. 
Sufficient wetting is indicated by a low contact angle between liquid drop and solid surface in 
a sessile drop test (see Figure 13b).  
The formation of chemical bonding, intermolecular forces and mechanical 
interlocking is required for strong adhesion, however, these are insufficient if there are 
contaminations such as the dust, grease or oil on the adherend surface (31). Many authors (6, 
27, 32) have remarked that weak boundary layers degrade the efficiency of the adhesive joint. 
Thus, adherends are required to be stored in a dry and clean location to avoid impurities, 
while solvents such as acetone are used to degrease the specimens prior to bonding. 
2.4.1.2.   Surface treatment methods for metallic adherends 
Chemical treatment e.g. acid etching and anodizing is one of the most effective 
methods for metal surfaces which aims to create new chemical/functional groups to promote 
molecular attraction forces between substrates (6) as well as the roughening of adherend 
Sufficient Wetting 
Adhesive 
Substrate 
Poor Wetting 
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surfaces (33, 34). In addition, this treatment produces a stable oxide layer that provides high 
bond strength under elevated temperature and high-humidity environments. Though effective, 
chemical treatment isoften not a preferred method as it is not environmental friendly and 
involves high cost. 
Plasma is another effective treatment that allows surface modification without 
changing the physical aspect of the bulk material. The enhancement in strength is due to the 
formation of hydroxyl groups that increase the surface wetting and roughening of the surface 
(35, 36). While increasing static strength, plasma treated surfaces have high degradation rate 
when exposed to atmospheric environment (37, 38). Plasma treatment is also not attractive 
for industrial application as it requires vacuum environment for the treatment. 
Mechanical treatment such as grit-blasting has the most industrial application for 
adhesive joints. It has less hazard and relatively low cost. The treatment generally roughens 
the adherend surface macroscopically and removes surface contaminants to allow better 
bonding. However, mechanical treatment alone does not produce any form of oxide layer 
(39), which is required for a durable joint. Silane is generally coupled to produce durable 
joints with comparable properties to the other processes (40). 
Table 2: Effect of surface treatment on Titanium substrate (Ti-6Al-4V) 
 
Molitor et al. (40) compiled the effect of different surface treatments on adhesion 
properties of titanium alloy (Ti-6Al-4V) as shown in Table 2. Aside from manual abrasion, 
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all surface treatment processes described above are effective at enhancing the bonding 
properties by producing a uniformly distributed porous structure with a thin oxide layer and 
the removal of contaminants. Furthermore, Elias et al. (41) compared the surface morphology 
of titanium surface under the major types of surface treatment (see Figure 14) and remarkable 
resemblance can be observed in terms of surface roughness and porosity distribution. It 
should be noted that while producing the same level of roughness, manual abrasion is not 
effective. It is speculated that the distribution of surface roughness rather than the roughness 
value itself is the critical factor for adhesion. Inspecting the texture of treated surface and as-
built SLM surfaces (see Figure 9), we see remarkable resemblance in surface morphology 
indicating SLM can be readily available for adhesion application without any further 
treatment. However, no publication up to date have characterised the adhesion performance 
of SLM component. 
 
Figure 14: Surface characteristic of various advanced surface treatment
(41) 
 
2.4.1.3.   Effect of surface roughness  
As discussed above, the major effect of most surface treatment is to produce micro 
level surface roughness. In fact, surface roughness is widely considered to be the main design 
parameter for adhesive bonding (6, 42-45). In general, surface roughness can be measured 
using the “arithmetic mean roughness”  . It is generally believed that increased surface 
roughness will lead to the reduction in apparent contact angle, which suggests better 
wettability and adhesion properties.  
Acid etching Sand-blasting Anodizing 
Plasma spray Laser attack 
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The effect of surface roughness values on the strength of adhesion has been the 
subject of much research. However, there is no unified finding on the surface roughness 
values and adhesion properties. Shahid and Hashim (42), Harris and Beever (43) and 
Critchlow and Brewis (46) reported that the adhesion strength of the single lap and butt joint 
increases with a grit-blasted surface compared to a non-treated surface. This is attributed to 
the total increase of effective surface area produced by the grit-blast treatment. However, no 
correlation between different surface roughness values Ra and adhesion strength was found.  
 
Figure 15: Correlation between static shear strength and average roughness    
(45)
 
 
 n the other hand,  e erc  o lu et al. (45) found that there is an optimum range of 
surface roughness (1.5 µm to 2.0 µm)  at which maximum adhesion strength can be obtained 
for a bonded surface. Uehara and Sakurai (44) performed extensive experimental testing to 
correlate the relationship of surface roughness with tensile strength, shear strength and peel 
strength and showed that adhesion strength can be achieved with a surface roughness ranging 
from 3.0 µm to 6.0 µm. This finding is similar to that conducted b   e erc  o lu et al. (45) 
and Lee et al. (47) with an optimum roughness of 2.0 µm (see Figure 15). It should be noted 
that fine grit was used for the mechanical blasting treatment. Zeilecki et al. (48) and Keisler 
and Lataillade  (49) studied the effect of surface morphology of valleys in terms of 
wavelength and amplitude of the rough surface. The results suggest that surface morphology 
such as distribution of ridges in terms of amplitude and wavelength is a more critical 
characteristic to determine the adhesion properties. Sharper asperities and narrow-spaced 
valleys were remarked to contribute to poor wettability, which subsequently reduced the 
adhesive strength. 
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 The results from literature indicate that while there is little correlation with the 
surface roughness, the bonding performance has high correlation with the morphology of the 
surface in term of roughness distribution. A uniform porous surface that forms peaks and 
valleys provides better wettability by allowing adhesive to flow between the ridges, which 
create mechanical interlocking that is a fundamental requirement for good adhesion. 
2.4.1.4.   Quantification of adhesion performance 
The quantification method of adhesion performance is of high importance. There are 
two fundamental approaches, namely, mechanics of materials and Linear Elastic Fracture 
Mechanic (LEFM). In the past, most engineering designs are based on mechanics of materials, 
in which allowable stress or strains are applied as the strength criteria (50). The joint 
properties such as maximum strength, strain to failure and Young’s Modulus are generally 
quantified using strength tests of suitable joint configurations such as single or double lap 
joints (see Figure 16). However, there is much debate about the consistency of the measured 
properties as most of the tests have stress concentrations or large uneven stresses even though 
the test theoretically appears to have a uniform stress field (51). As such, the measured 
properties are joint-related and are functions of adherends geometry and stress/strain 
concentration. Additionally, numerical prediction can be highly dependent on mesh 
generation in regions of high stress.  
 
Figure 16: Typical strength test of bonded joints
(8) 
 
For those reasons, fracture mechanics is becoming more common nowadays as 
structures are designed in a fail-safe approach to be tolerant to reasonably sized flaws (52). 
Essentially, fracture mechanics methods are used to introduce methods that measure the 
critical energy strain release rate (fracture toughness) required for a crack to grow using a 
Adhesive 
Adherend 
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pre-defined crack. Generally, the fracture toughness can be characterised in three different 
loading modes: mode I (opening), mode II (sliding), and mode III (tearing) as shown in 
Figure 17. Typical structural applications often involve mixed mode loading; however, the 
characterisation of toughness under each mode is still necessary to successfully predict 
fracture events on adhesive joints. Due to the weak behaviour under peeling, Mode I fracture 
toughness is of particular interest for bonded hybrid joints. For this study, Double Cantilever 
Beam (DCB) specimens which are used to characterise the ability to resist crack growth 
under opening tensile load (Mode I fracture toughness) are selected to investigate the 
performance of all surface modification and bond enhancements. 
 
Figure 17: Three crack opening modes
(53) 
 
2.4.2.   Crack deflection surface features 
This section reviews the numerical and experimental studies available in literature 
that investigate the effect on joint strengths for the case of crack deflection macro features  
2.4.2.1.   Numerical characterization of crack deflection techniques 
Zheng et al. (54) numerically investigated the buckling of rough and nanostructured 
film resting on a substrate. The study showed that a nanostructured surface is beneficial for 
the buckling mode of films, and a fabrication approach for a hierarchical surface pattern is 
also proposed. Numerical model of hierarchical surface patterns of lotus leaves and mosquito 
legs showed high potential for other industry applications (see Figure 18). 
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(a) (b) 
Figure 18:Numerical analysis of adhesive film with (a) rectangular substrate and (b) bio-
mimetic surface feature of lotus leaf 
(54)
 
 
Zhao et al. (55) and Li et al. (9) numerically investigated the peeling behaviour under 
the effect of different interface geometric shapes including flat, curved and wavy interface 
with two-level features. The peeling strength was shown to be significantly increased by 
introducing a sinusoidal interface. Further increase in adhesion properties was indicated when 
a second order sinusoidal hierarchy was introduced (see Figure 19). The few physical 
mechanisms that allow the strength and energy to increase are oscillation of the local peeling 
angle, elongation of the crack path, a uniform stress field, and the blunting of the crack tip. 
No experimental data has been produced to confirm these numerical results.   
   
(a) (b) (c) 
Figure 19: Numerical model of (a) straight crack; (b) wavy crack path; (c) second order 
hierarchical crack  
(55)
 
 
Zavattieri et al. (56) numerically investigated the effect of a sinusoidal interface 
morphology on the fracture toughness under Mode I and Mode II loading. Increasing the 
aspect ratio of amplitude and wavelength was shown to increase the interface toughness for 
fixed material properties. The model predicted that catastrophic crack growth is inhibited due 
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to crack blunting effect. Study conducted by Cordisco et al. (57) showed that as the 
sinusoidal geometry increased, the fracture toughness increased accordingly.  
 
Figure 20: FE model of sinusoidal crack showing sinusoidal wave and crack tip 
(56)
 
 
Reedy (58) used finite element models to study the effect of nano features of tooth 
structures on interfacial fracture toughness (see Figure 21). The fracture toughness is reported 
to increase by 50% as the crack was deflected from the original path. The stalled crack tip 
reached a critical state and led to the failure on the side of the tooth in shear mode. 
  
(a) (b) 
Figure 21:Numerical analysis of tooth structure and the interface traction response
(58)
 
.  
Overall, the majority of the numerical analyses indicated crack deflection is effective 
at enhancing bonding performance by increases in contact area and blunting crack tip when 
the crack was deflected from the original path. However, the contribution of each mode has 
not been quantified and no experimental data was produced to confirm the effectiveness of 
the techniques.  
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2.4.2.2.   Experimental investigation on effect of macro features 
Lewis et al. (59) studied the effect of pimple surface features on the contact friction 
properties (see Figure 22). The study concluded that dimples increased the friction behaviour. 
The denser the pimple distribution, the higher the friction properties (due to the increases in 
contact area) thus yielding the increase in contact load. Less dense pimple distribution 
allowed better friction load in a wet environment.  
 
Figure 22: Different density of pimple configuration 
(59)
 
 
Gao et al. (60) studied the effect of surface patterns of 0.1 mm width, 0.2 mm spacing 
and 0.1 mm depth on peel strength of Aluminum sheet. CNC machining was used to imprint 
the surface patterns. No surface treatment was performed on the Al sheet. The peel strength 
was recorded to increase by 51.4%, which was attributed by the change in failure mode from 
peeling to shearing at the groove area. Figure 23 shows the confirmation of mode change 
with numerical studies. 
 
Figure 23:Crack growth process: (a) growing at the interface; (b) growing into 
adhesive; (c )switching into shear mode; (d) growing vertically under shear 
(60)
 
 
Kim et al. (61) and Lee et al. (62) studied the effect of micro surface features on 
adhesive joint strength and fracture toughness between steel and CFRP composite using 
Single Leg Bending Specimens. The patterns were imprinted onto the surface by using a 
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photolithography process (see Figure 24). The part was consequentially etched in acid 
solution. The width, depth, and spacing were varied using different masks. 
   
(a) (b) (c) 
Figure 24:SEM image of (a) groove features by photolithography; (b) interface of steel joint 
and CFRP composite; (c) resin-rich zone at groove feature 
(62)
 
 
  
(a) (b) 
Figure 25: (a) load v. displacement and (b) interchanging failure mode at each groove 
interval 
(62)
 
 
Alfano et al. (63) studied the effect of surface patterning on the adhesive strength of 
single lap joints made from aluminium and steel. The surface feature was imprinted on the 
substrate by using a low power laser ablation process. A similar process was carried out for 
AL/epoxy T-peel joints leading to a several-fold increase in surface roughness. Mechanical 
interlocking was observed to help divert the failure path from near the interfacial region to 
the adhesive layer. The increase in strength of the aluminium sample is related to the 
modification of surface oxide layer by laser. For the steel sample, the laser process did not 
modify the surface chemistry and the increase in joint strength was speculated to be related to 
surface roughness.  
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(a) (b) 
Figure 26:(a) surface feature produced by laser ablation process; (b)  failure loads of laser 
treated and control specimen  
(63)
 
 
Da Silva et al. (64) studied the effect of grooves on static and fatigue adhesion 
strength of aluminium single lap joints. The grooves with various patterns were cut out from 
the main substrate using a CNC milling machine (see Figure 27). These patterns (0.1 mm 
depth) were reported to increase the adhesion strength only when chemical treatment was 
applied. It was also concluded that micro surface roughness generated from the acid etching 
was more effective at increasing strength and fatigue of the single lap joint, and the depth and 
orientation of the grooves did not show any effect on adhesion properties.    
  
Figure 27:Milling used to create different macro features
(64)
 
 
In summary, almost all experimental studies were conducted based on the removal of 
material on the metallic substrates. Micro-surface roughness from surface treatment processes 
was reported to be more effective while macro features had little effect on the adhesion 
properties. This finding contradicts the findings of numerical analysis, which found that 
macro features are effective at deflecting the crack, although a pre-defined waviness crack 
path was used for analysis. Due to the current contradiction, further studies are necessary to 
characterise the effectiveness of macro features.  
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2.4.3.   Mechanical Interlocking Macro Features 
A more recent development in the field of increasing the performance of hybrid joints 
is reinforcement in the form of through-thickness cylindrical pins, which resemble the 
mechanical interlocking effect in natural joints. This section reviews the manufacturing 
techniques of through-thickness reinforcement pins, the effect of similar z-pin systems on 
adhesion properties and the current status of predictive models.  
2.4.3.1.   Pin effect on hybrid structural joints 
Graham et al. (65) evaluated the effect of through-thickness reinforcement pins on the 
behaviour of single lap and double lap joints (see Figure 28). Additive manufacturing 
techniques were used to print the pin arrays on the stainless steel substrate, which was then 
bonded to glass fibre composite. The authors performed investigations of quasi-static strength, 
fatigue performance, damage tolerance, environmental durability, and effect of dynamic 
loading. The results indicated great enhancement in joint properties with a 60% increase in 
static strength, significant increase in total fatigue cycle prior to failure, 20% increase in 
durability and almost no loss in strength after impact. The authors also suggest the length to 
diameter ratio of pins is critical in determining the failure characteristics of hybrid joints. 
  
(a) (b) 
Figure 28: (a) additive manufacturing pins on stainless steel; (b) Hybrid double lab joint 
after tensile testing 
(65)
 
 
Ucsnik et al. (66) investigated the effect of through-thickness reinforcements on a 
hybrid metal-composite double lap shear joint. The pins were originally separate entities that 
were subsequentl  welded onto the metal surface via “cold-metal transfer”. The composite 
was pressed onto the metal/pin parts and the whole assembly was co-cured. Two types of pins 
were manufactured, namely, cylindrical pins and ball-head pins (see Figure 29a). Both types 
of pin increased strength and strain to failure significantly (see Figure 29b), with cylindrical 
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pins having better ductility (over 1000%) and ball-head pins having better maximum strength 
(52.3%). The differences in performance were correlated with the distinct damage 
mechanism of each pin type, where progressive pull-out occurred for cylindrical pins and pin 
fracture occurred for the ball-head pin. 
  
(a) (b) 
Figure 29: (a) Through-thickness reinforcement joints with cylinder pin and ball-head pin; 
(b)  Comparison of load versus displacement of different pins 
(66)
 
 
Phillip et al. (67, 68) investigated the effect of through-thickness pins on single lap 
joint strength and fatigue properties. The through-thickness pins were produced on top of the 
titanium adherend, which was pressed onto the composite for co-curing (see Figure 30). In 
terms of static strength, the reinforcing pins showed an improvement of 6.5 times the ultimate 
strength, 400% in elongation to failure and 80 times the damage energy absorption. Pin 
fracture mechanisms occurred with no significant damage to the composite and were 
attributed to the mode mixity effect from joint rotation. 
  
(a) (b) 
Figure 30: (a) Pin-reinforced single lap joint and (b) Ultimate load of control and pinned 
specimens with through-thickness pin reinforcement
(67)
 
 
Tu et al. (69) used an electron beam to create a controlled pattern on top of an 
adherend. The strength of a 2-step double lap joint demonstrated improved performance with 
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the through-thickness reinforcement (see Figure 31). The authors also optimised the pattern 
geometry in terms of height and angle of the protrusion using FE. The original pin design 
improved the total displacement to failure by a factor of 4. An optimised pin angle of 20
o
to 
30
o
 and larger length to diameter aspect ratios of the pin was shown to further improve the 
joint properties. 
  
(a) (b) 
Figure 31: Pinned double lap joint (a) schematic; (b) post-cured cross-section
(69)
 
 
 
 
(a) 
 
(b) (c) 
Figure 32: Laser cutting process (a) CAD design; (b) pin-reinforcement sheet; 
(c)micrograph of reinforced specimen 
(70)
 
 
Heimbs et al. (70) investigated the effect of through-thickness reinforcement metal 
arrow head pins in a composite T-Joint under quasi-static and dynamic loading rates. The 
through-thickness reinforcement pins were laser cut-out from steel sheets. The pins were then 
bent 90
o
. The final configuration was a metal sheet with pins protruding perpendicular to the 
sheet. This sheet was placed on top of the composite fabric prior to the resin infiltration 
process took place. The pins showed significant improvement in total strain to failure and 
energy absorption capability. The failure mode switched from a brittle failure for 
unreinforced joints to progressive delamination failure of the skin-spar interface for 
reinforced joints. 
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In summary, all experimental results showed significant improvement in joint 
performance in terms of maximum load and energy absorption. The enhanced properties were 
largely dependent on the type of damage mechanisms that occurred under loading. For the 
pin pull-out mechanism, high ductility was achieved while higher maximum load was 
achieved with the pin fracture process. In many cases, the pin fracture mechanism showed 
catastrophic failure of the joint, while a progressive failure type is more preferable for fail-
safe design. In addition, many studies indicate that the pin aspect ratio is critical and dictates 
the response of the joint. However, up to date, no correlation between pin geometrical 
parameters and failure mode had been established. Also, the energy absorption correspond to 
the type of pin failure had not be characterised and the link between pin behaviour to joint 
behaviour had not been studied. Furthermore, industrial joints are generally subjected to a 
range mixed mode loading and the support conditions of the adherends are often not simply 
fixed or “relaxed”. The effect of these aspects on the pin behaviour in terms of failure mode, 
damage process and energy absorption is critical to joint performance and is currently not 
known for the pin-reinforced hybrid joints.  
2.4.3.2.   Carbon Fibre Reinforced Polymer z-pin 
Much can be understood regarding through-thickness reinforcement of composites 
from the significant body of knowledge in z-pin reinforcements, as the pins of both systems 
create similar mechanical interlocking mechanisms while the resin at the interface effectively 
provides the bond between the two substrates. 
Z-pins are generally made of high strength and high stiffness material such as carbon 
fibres with typical diameters of 0.28 mm and 0.5 mm (71). The pins are manually pushed into 
the composite material using an ultrasonic gun and the whole system is co-cured. Post cure, 
the thickness of the composite component is slightly increased and the pins are generally 
misaligned with the vertical axis by an average of 14
o
 (see Figure 33a) (72-80). Detailed 
characterisation of the microstructure shows fibre waviness and a resin-rich zone created due 
to the intrusion of the pins (see Figure 33b). Additionally, the interface of the pin and the 
composite generally shows significant debonding both in the in-plane and through-thickness 
directions (71, 75, 81) (see Figure 33c, d). This cracking is attributed to the difference in the 
coefficient of expansion between the pins and the surrounding material in the cool down 
process from curing temperature to room temperature (81). 
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(a) (b) 
  
(c) (d) 
Figure 33: Microstructure of CFRP z-pins showing (a) pin misalignment angle; (b) fibre 
waviness, residual thermal crack in (c) in-plane and (d) through-thickness direction
 (71, 75, 81)
 
 
Mouritz (71) showed the modification of composite microstructure in terms of 
reduction in fibre volume content, in-plane fibre waviness and out-of-plane fibre crimping 
due to the pin intrusion can directly knock down the strength and stiffness of the composite 
material as indicated in Figure 34. 
  
(a) (b) 
Figure 34: Knock down of in-plane properties with increasing pin volume content (a) Young 
Modulus and (b) Tensile and Compression Strength
(71)
 
14
o
 misalignment 
angle 
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In terms of interlaminar fracture toughness, under Mode I and Mode II loading, pins 
had been shown to impede the growth of delamination while also raising the fracture 
toughness of the composite material (78-80) (see Figure 35). The crack propagation process 
shows stick-slip behaviour, where the crack is arrested at each row of pins and grows rapidly 
until the next row. Further, the studies presented in (71, 72) showed that z-pins did not 
improve the crack initiation toughness and the bridging process is only effective when the pin 
is pulling out far behind the crack front. 
  
(a) (b) 
Figure 35: (a) Mode I and (b) Mode II interlaminar fracture toughness
(71)
 
 
The primary mechanism that drives the enhancement of interlaminar toughness 
properties is the pin pull-out process (see Figure 36a). This is highly complicated and is 
affected by many variables such as material properties, geometry and interfacial parameters 
between pin and laminate. Several studies (72, 76, 82, 83) investigated the pull-out response 
of a single pin under Mode I (tensile) loaded in isolation by placing a thin Teflon sheet at the 
mid-plane of the composite. In general, the pull-out process of Z-pins has a bi-linear or tri-
linear traction load vs crack opening displacement relationship depending on the interface 
strength between the pin and the composite.  
Typical pull-out curves with tri-linear properties are indicated in Figure 36b in which 
the pin elastically deforms until debonding occurrs with a sudden drop in load followed by 
continual pin pull out under frictional contact (76). The pull-out curve is often assumed to 
have bi-linear properties and subsequently used in semi-analytical models (84, 85), or applied 
as interface elements with smeared traction separation laws in a numerical model to predict 
the apparent mode I fracture toughness of the joint. It should be noted that the majority of 
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pull-out tests are conducted with z-pins that are misaligned with the load axis by 
approximately 14
o
. This introduces an enhanced friction component or the so called 
“snubbing effect” to the overall pull-out response of the pin (86-88). This in turn prevents the 
correlation of properties between single pin pull-out curves and multi-pin joint fracture 
toughness. 
  
(a) (b) 
Figure 36:(a) z-pin pull-out process; (b) typical traction vs crack opening displacement
(77)
 
 
 
Figure 37: Typical pull-out load vs displacement of steel rod reinforced concrete 
showing interface damage parameters and exponential reduction of load
 (89) 
 
In contrast, there is a significant body of knowledge on steel-reinforced concrete that 
has shown characterisation of steel reinforcements under pure pull-out loading (no 
misalignment angle between rod and loading axis) (89-93).  In these studies, the interface 
between the rod and concrete exhibits high wear and tear, leading to the deterioration of the 
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interface strength with increasing pull out length. Consequently, the descending branch of the 
pull-out load vs displacement curve is highly exponential (see Figure 37). Analytical models 
were developed using a damage parameter (η) to define the deterioration rate of the interface 
and the respective pull-out load vs displacement response. These analytical models have not 
yet been applied to interface properties of through-thickness reinforcement pins despite the 
similarities between the two systems.  
Mixed mode effects on z-pin performance have been presented in publications. 
Generally, mixed mode loading conditions are generated when the pin experiences a 
combination of pull-out and shearing (or bearing) loading such as where the pin axis is at an 
angle to the load axis. Cox et al. (87, 88) developed a semi-analytical model to predict the 
relationship between pin bridging traction and opening displacement under mixed mode 
loading under which an enhanced friction component caused by pin snubbing was added on 
top of the pristine friction component to resist pull-out.  
  
(a) (b) 
Figure 38: Pull-out energy vs mode mix angle for z-pin-reinforced (a) unidirectional 
laminate; (b) quasi-isotropic laminate
(94)
 
 
Experimental studies on single pin specimens conducted by Yasaee et al. (94) 
indicated limited mode mix range for stable pin pull-out i.e. below 11
o
 for pins embedded in 
unidirectional laminate (see Figure 38a) or 33
o
 in a quasi-isotropic laminate (see Figure 38b). 
Above such values, the pin fracture and energy absorption was similar to when the pin was 
loaded under pure mode II. M’membe et al. (95) and Cartie et al. (72) showed that the range 
of mode mixity effect for pull-out failure increased when the pin was orientated in the 
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direction of the load. When under pullout, maximum load and energy absorption were shown 
to increase with increasing mixed mode angle. In terms of damage mechanisms, the pull-out 
passage within the small range of mixed mode was crushed and the pin deformed laterally to 
compensate for the pin pull-out process (72, 86, 96). While providing certain insights into the 
pin behaviour under mixed mode conditions, no correlation was made between single pin 
pull-out behaviour to multi-pin joint performance. Additionally, the mode mixity for pin pull-
out is relatively small due to the low transverse strength of carbon z-pins. This behaviour 
therefore has limited application to titanium pins reinforcing hybrid joints.  
2.4.3.3.   Numerical analysis of pinned hybrid joint 
There is currently no numerical modelling methodology shown to be capable of fully 
predicting the adhesion response of pin-reinforced hybrid joints due to the complex damage 
mechanisms, highly nonlinear behaviour of the joint and constantly changing boundary 
conditions. Each of these aspects requires highly detailed meshing and significantly large 
computational resources for analysis, especially at a structural level. Related numerical 
research on CFRP z-pin reinforced composite showed that a multi-scale modelling approach, 
as indicated in Figure 39, was capable of predicting the properties of large scale structures 
efficiently. In this model, a high fidelity single pin model is developed to capture all damage 
modes and the respective pull-out load vs opening displacement relationship, which is usually 
referred as bridging law. This bridging law is subsequently incorporated into a less 
computationally intensive model at a structural level through the use of simple representative 
elements (97-101).  
 
Figure 39: Multi-scale modelling approach: Single Pin model capture bridging law and 
applied at each pin location at structural level
(98)
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The accuracy of this multi-scale approach depends on the capabilities of the single pin 
model. The precision of the single pin model lies in the ability to capture all possible damage 
mechanisms of pin failure, pin pull-out, resin matrix crushing, and composite ply fracture 
(see section 2.4.3.1). Many numerical models have been developed to capture these 
phenomena separately, and each response is modelled with different techniques.  
  
Figure 40: Simplified 2D plane stress model capturing interface and CFRP z-pin damage
(101)
 
 
Cui et al. (100, 101) developed a simplified 2D plane stress numerical model to 
capture the interface response and damage of a CFRP z-pin under mixed mode loading 
conditions. In this model, cohesive elements were used to simulate the damage process of 
both pin/composite interface and CFRP z-pin using bi-linear traction separation (see Figure 
40). The cohesive properties of the interface were calibrated with experimented data and the 
pin was assumed to have the composite properties. The pull-out process was simulated with a 
Coulomb friction/pressure contact relationship and an externally applied pressure at an 
assumed constant value of 25 MPa. The contact friction coefficient µ was assumed to be 0.6 
and contact pressure was assumed to be 300 MPa.  
Although this model produced sufficient prediction of the bridging law and damage of 
the pin, several key aspects were not captured. Firstly, the microstructure of the composite 
and resin is deformed in 3D space around the pin (see Figure 33b). Further, the interface has 
many residual thermal cracks (see Figure 33c, d) and the pin has a misalignment angle of 14
o
. 
All of these factors largely influence the pull-out properties. Secondly, this model is highly 
mesh-dependent due to manually inserted crack paths, thus cannot be applied to obtain 
consistent results for different mesh densities. Finally, the assumption of interface properties 
and external pressure is solely for this model and must be calibrated for different structures.  
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Figure 41: Axis-symmetric model assumption and mesh
 (97, 98)
 
 
Bianchi et al. (97, 98) developed a similar 2D model with slightly different simulation 
techniques. Axis-symmetric elements were used to mesh the geometry of the part, the pin was 
considered rigid, and a Coulomb friction/pressure contact relationship of 200 Mpa and µ = 
0.75 was used to simulate the interface as well as pull-out process. In this model, instead of 
assuming externally applied pressure, the pressure was obtained by simulating the cooling 
process from 180
o
 C to 20
o
 C after cure. Pull-out numerical results were shown to correlate 
well with experiment data. However, similarly to the previous model, the assumption of an 
axis-symmetric micro-structure of the composite and resin is not representative of the 
structure. Consequently, the thermal simulation, which is based on thermal coefficient 
expansion and geometries of each component, is affected. Furthermore, the model does not 
have the capability to capture the effect of pin geometry on damage modes of system.  
Meo et al. (102) and Li et al. (103) developed a 3D model using the same Coulomb 
friction/pressure contact relationship to model the pull-out process with externally applied 
pressure assumed to be 10 MPa by Meo et al. (102)  and 100 Mpa by Li et al. (103). The 
micro-structure of the composite was not taken into account and no damage was considered 
in these models. These models were used to analyse the effect of contact pressure and showed 
that the pull-out properties increased with increasing pressure.  
Zhang et al. (99) developed a model with a 3D ply-based mesh taking into account the 
3D micro-structure of the composite. The pull-out simulation is similar to model developed 
by Bianchi et al. (97, 98) and the damage of the pin is similar to Cui et al. (100, 101). The 
misalignment angle was also taken into consideration when calculating the cohesive 
properties used to represent pin/composite interface. The results showed high correlation with 
experimental data. The study remarks on the damage of the interface due to thermal residual 
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stress leading to degraded pull-out properties. However, the interface properties of the 
composite were assumed to have extremely low normal fracture toughness of 0.01 kJ/m
2
. In 
addition, the contribution of the snubbing effect from misalignment angle between pin and 
composite was not quantified and the effect such as pin geometry cannot be captured with 
this approach.  
 
 
 
Figure 42: 3D model with micro-structure, pin fracture and misalignment angle effect
(99)
 
 
All of the above models provide a good indication of the required modelling 
techniques to capture the pull-out response of the single pin. However, further work is 
required for metallic pin reinforced hybrid joints due to the fundamental differences in pin 
material, thermal coefficient of expansion, interface properties, and micro-structure of the 
joint. 
2.5.   GAPS IN LITERATURE AND RESEARCH FORMULATION 
Natural joining techniques including multiple levels of attachment features are highly 
effective at raising the performance of a joint. These features can be effortlessly incorporated 
onto the bonding surface of components manufactured by Selective Laser Melting and have 
the potential to replace the current standard of bolted joints in hybrid aerospace structures. 
This innovative approach has not been explored previously and all aspects of bonding must 
be understood at each level. Each aspect of the natural hierarchical joining techniques of 
micro surface roughness, crack deflection, and mechanical interlocking features has been 
reviewed. This section summarises the capabilities and limitations, and proposes research 
activities to address the shortcomings of each bonding level as indicated in Table 3. 
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2.5.1.   Micro surface features 
The surface created by the SLM process is unique due to the features of partially 
melted powder particles and results in an inherent surface roughness of 12 µm. While the 
roughness value is higher than the typical titanium treated surface (1 µm to 6 µm), the overall 
morphology between the SLM as-built titanium and treated surface is remarkably similar 
with the protruding dome-shaped particles (1, 2, 6, 7). Experimental investigations from 
literature have shown that the surface morphology resulting from surface treatment is the key 
factor that dictates bond performance, while the extent of surface roughness has little 
correlation with adhesion properties (1, 2, 43, 46). It is therefore postulated that SLM 
component surfaces can be readily used for adhesion application with minimal additional 
treatments. However, to the author’s knowledge, no experimental studies have been reported 
in literature on bonding potential of SLM surfaces in metal-metal or metal-composite joints. 
Thus, it is critical to characterise the effect of SLM surface roughness on adhesion properties. 
Fracture toughness tests are of high interest for bonded joints due to the lack of damage 
tolerance under a reasonably sized flaw. In addition, Mode I (opening) loading condition is 
critical as bonded joints are often weak under peeling load. Thus, Double Cantilever Beam 
(DCB) specimens used to measure Mode I fracture toughness against crack growth are 
chosen for this thesis. 
2.5.2.   Crack deflecting macro features 
Bio-inspired hierarchical surface patterns on the “macro” scale (100 µm to 200 µm) 
integrated with micro scale roughness (1 µm to 6 µm) have been studied numerically by Li et 
al. (9), Zavattieri et al. (56), Zhao et al. (55) and Zheng et al. (54). Results showed both joint 
fracture toughness and strength can be increased by deflecting a straight crack path through 
interfering features. This is a bio-inspired concept, where biological materials incorporate 
hierarchical toughening features at different length scales, for example on Bovidae horns 
(54). However, the only repeating macro surface features that have to date been 
experimentally studied are cut out grooves (height 100 µm) on aluminium or steel substrates 
using milling or Photolithography techniques (60-62, 64), and no experimental studies have 
been published that use SLM manufactured metal adherends. The exact mechanisms driving 
any increase in joint fracture toughness have not been characterised. Furthermore, 
contradictory findings regarding the effect of surface features were presented in experimental 
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studies. Features on metal adherends were reported to increase adhesion strength by 20% 
when bonded to composite material (61, 62), though when bonded to another metal adherend, 
no effect was reported (64). Clearly, further studies are critical to fully understand the effect 
of macro features on adhesion properties of hybrid bonded joints, and explore the design 
“relaxed”dom of SLM technology to investigate surface features that have not been 
previously studied. Dimple and groove surface patterns were shown to be effective and 
selected from literature for investigation in for this work. Mode I crack growth specimens are 
used to study crack deflection. Numerical models are used to quantify the contributing factors 
attributed to the enhancement of crack deflecting hierarchical patterns.  
2.5.3.   Mechanical interlocking macro features 
2.5.3.1.   Failure mechanisms of pin integrated metal-composite joint 
Recent developments in hybrid metal-composite joints are the use of through-
thickness reinforcement (pins) in the composite (65-70, 104-106), which is commonly 
enabled by advanced manufacturing techniques such as Cold-Metal-Transfer (66), Laser 
Treatment Process (70) and Selective Sintering Technique (67, 68, 104). This concept 
resembles the mechanical interlocking features seen in nature and has not yet been 
demonstrated for SLM reinforcement pins in hybrid metal-composite joints.  
Through-thickness reinforcing pins have shown a major increase in strength and strain 
to failure in comparison with unpinned adhesive joints. Damage mechanisms observed 
include pin-composite interface failure, pin fracture, plastic deformation of the pins and 
composite damage. However, all previous studies have focused on joint performance in shear, 
whereas tension (pin pull-out) can be more critical in many applications and typically 
involves lower strength and toughness. Further, previous studies have not yet identified the 
critical link between single pin performance and multi-pin joint properties. Additionally, 
there is a lack of understanding of how geometry parameters and interface properties relate to 
pin performance and failure mode. This information is critical not only for the specific joint 
design being considered, but also in terms of understanding how this category of hybrid joints 
performs and can be analysed, predicted, and optimised. 
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Much can be understood regarding through-thickness reinforcement of composites 
from the significant body of knowledge in z-pin reinforcements. Further studies on the 
critical aspects of pin alignment and surface bonding are needed to make these results more 
broadly applicable, as previous work was driven by the inherent nature of the z-pins studied 
to date. Firstly, CFRP z-pins are generally characterised by a misalignment angle on average 
of 14 which among other factors leads to “snubbing” or friction as the pin is pulled out (72, 
82, 107). This has prevented accurate understanding and characterisation of pins under pure 
pull-out loading, and similarly has affected attempts to link single-pin behaviour to multi-pin 
joints. Secondly, CFRP and extruded metallic z-pins typically exhibit very low interface 
strength and residual thermal crack from manufacturing (75, 81). Consequently, the 
performance of through-thickness composite reinforcement with high pin-composite 
interfacial shear strength has not been studied. This is important as the SLM titanium-
composite interface produced in this work is expected to have excellent intrinsic adhesion 
properties. Thirdly, CFRP z-pins are usually manufactured with a uniform distribution of 
even spacing out according to a particular volume density (71). Consequently, the crack 
propagation process of z-pin-reinforced composites has shown unstable in a stick-slip manner 
at each pin interval. With increasing pin volume density, the ability to resist crack growth 
was shown to increase linearly with crack growth becoming more stable; however, adherend 
breaking was recorded with pin densities above 2% (79). To avoid fracture, additional 
composite backing beams are adhered to reinforce the bending strength of the adherends. To 
the author’s  nowledge, the effect of adherend thickness and irregular distribution of pins on 
Mode I fracture toughness response has not been investigated. This information is essential to 
design a reinforced hybrid structure efficiently. 
2.5.3.2.   Effect of mode mix loadings, support conditions pin features on joint 
performance 
Previous studies have produced through-thickness pins with different surface features 
to reinforce hybrid joints under pure shear loading. Generally, depending on the type of pin, 
three types of damage mode have been observed: including pin fracture in the case of pins 
with tip features (66-68, 106); pin deformation accommodating the pull-out in the case of a 
straight cylindrical pin (65, 66); and composite damage in the case of a triangular pin (105). 
The strength and damage mode of the pins directly influences the overall damage pattern of 
any multi-pin joint, where pin fracture and composite (adherend) fracture lead to catastrophic 
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failure while pin bending and pull-out result in a more progressive failure process with higher 
energy absorption. However, the effect on the pin pull-out process of different combinations 
of pin pull-out and shear loading has not been characterised, and the variation in pin 
performance between the limiting cases of pure tension pull-out and shear-dominated loading 
is not well understood. Further, there have been no studies that have considered the 
introduction of pin surface features or alternative pin geometries that can enhance the energy 
absorption during pull-out, without increasing the pin strength such that catastrophic 
adherend fracture occurs. 
Related knowledge on pin behaviour under varying combination of pull-out and shear 
loading has been presented in limited publications in the body of knowledge of CFRP z-pin. 
Cox et al. (87, 88) and Yasaee et al. (94) had shown that mode mixed loading condition 
introduces an additional bearing or “snubbing” stress on top of the existing shear stress at the 
interface between the pin and the composite. This bearing stress component crushes the 
composite region around the pin cavity to accommodate the pin pull-out process (72, 86, 96) 
at small mode mixity ratio (0.2) and causes pin fracture at higher mode mix ratio (0.5). 
M’membe et al. (95) and Cartie et al. (72) further showed experimentally that higher energy 
absorption can be achieved when the pin is oriented in the load direction. Despite these 
insights, no correlation to the ratio of pull-out and shear stresses has been conducted, and no 
correlation has been made between single pin pull-out and multi-pin joint performance. 
Additionally, the range of offset angles (and hence ratio of pull-out and shear stresses) has 
been relatively small due to the low shear strength of the carbon z-pins, and a much broader 
characterisation is required for titanium pins in a hybrid joint due to the strong pin-composite 
bond (108). Further, the change in joint behaviour depending on how the pin is inclined 
relative to the composite fibre architecture or the crack growth direction is not well 
understood and it is not clear in what circumstances joint behaviour is affected.  
Another important aspect of joint performance that is relevant to industrial structures 
is the support condition of the adherends. This relates to whether the adherends are fixed as 
the pin is pulled out, or whether the adherends and supporting structure can adjust to the 
forces generated in the pull-out process. This is particularly critical where the pins have an 
offset angle, as the additional effects such as snubbing and pin bending cause forces that 
promote lateral displacement and rotation of the adherends. As such, it is important to 
characterise the joint performance between the two extreme conditions of adherends that are 
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fixed or “relaxed” to self-adjust, which has not previously been studied. Understanding the 
effect of support condition in single pin specimens allows the support condition in multi-pin 
joints to be understood, which then relates to improved understanding of the corresponding 
damage modes and joint performance. This also provides critical information regarding the 
test method that is appropriate for single pin specimens in order to correctly correlate to 
multi-pin performance. To the authors’  nowledge none of the multi-pin structures previously 
studied in literature have had an assessment of the adherend support conditions.  
2.5.4.   Predictive numerical model of hybrid joint 
Due to the complex damage mechanisms and constantly changing boundary condition, 
numerical models are the most suitable method to capture and predict the adhesion behaviour 
of a hybrid joint. The development of an accurate model is essential to analyse and optimise 
this type of joint. Multi-scale models are often used to analyse a detailed structural scale 
model with multiple damage mechanisms to reduce computational expense. In this approach, 
a high-fidelity unit volume model is developed to capture all possible behaviours of the pin 
pull-out process. The information is subsequently fed onto a simplified structural scale model 
using representative elements. For pin-reinforced composite structure, several applicable 
models of one single pin have been developed to capture the pin pull-out behaviour. While 
the numerical predictions are adequate for particular cases, no model has yet captured the full 
envelope of the pull-out response and each model poses certain limits 
Bianchi et al. (97, 98), Meo et al. (102) and Li et al. (103) uses Coulumb 
friction/pressure contact interaction to model the interface behaviour between the pin and the 
composite. An external pressure or residual thermal stress from curing is typically applied on 
the structure with friction coefficient µ varied from 0.4 to 0.75. The pull-out load vs 
displacement response was shown to correlate well with experimental data. However, the 
microstructure of the composites such as fibre waviness, resin-rich zone and pin 
misalignment angle (81) was not taken in account, and no material damage was incorporated. 
Other method that uses cohesive elements to simulation the pin/composite interface 
behaviour was developed by Zhang et al. (99) and Cui et al. (100, 101). The pin/composite 
interface cohesive properties are typically calibrated with experimented data and damage of 
pins are simulated by further embedding different sets of cohesive elements to capture pin 
fracture. The results were shown to capture well the pin pull-out behaviour under mixed 
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mode loading condition in terms of load vs displacement response and damage mechanism. 
However, these models are highly mesh-dependent due to manually inserted crack paths at 
the interface and the calibrated interface cohesive parameters are solely for this model and 
must be calibrated for different structures. With limited capabilities, the aforementioned 
models cannot be used to further analyse the pull-out response of the hybrid joint. As such, 
the development of a new numerical model is required to predict not only the basic adhesion 
properties but also the pull out behaviour under the influence of various pin geometries. 
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CHAPTER 3.     HIERARCHICAL CRACK DEFLECTION 
SURFACE FEATURES FOR IMPROVED ADHESION OF METAL-
METAL AND METAL-COMPOSITE BONDED JOINTS 
 
3.1.   CHAPTER SUMMARY 
Structural adhesive joints involving Selective Laser Melting (SLM) titanium bonded 
to titanium or to a composite material have significant potential for weight and cost saving in 
aerospace and other industries. However, the bonding potential of as-manufactured SLM 
titanium is largely unknown, and the use of hierarchical surface features has not been 
adequately explored or characterised. The work in this chapter demonstrates that using SLM 
a hierarchy of two surface features at different length scales can improve the fracture 
toughness of metal-metal and metal-composite bonded joints. At micro length scale, it was 
found that the intrinsic irregular roughness of the SLM surface maximises the bonding 
potential for both metal-metal adhesive joints and hybrid metal-composite co-cured joints. 
Surface features of larger length scale are combined to produce hierarchical bonding effects. 
For metal-composite joints, the use of groove surface features was found to deflect the crack 
path, which increased the fracture toughness of the joint by as much as 50% for outward 
protruding grooves. It was identified that the rise in fracture toughness is due to an increase in 
the crack path length and a shift from pure mode I to mixed-mode crack growth, and the 
relative contributions of these factors were characterised. This work demonstrates that SLM-
manufactured titanium can have significant advantages over conventional titanium for 
bonded joints. In comparison with conventional techniques, SLM surfaces can be used in 
adhesive bonds without the need for expensive and time-consuming surface preparation, and 
the design “relaxed”dom allows for printing of surface features that can significantly improve 
performance. 
The work in this chapter was published in: 
1. Alex T.T Nguyen, Brandt M, Orifici AC, Feih S. Application of Selective Laser Melting 
(SLM) for hybrid aerospace structure [online]. In: 8th Australian Congress on Applied 
Mechanics: ACAM8. Barton, ACT: Engineers Australia, 2014: 280-288. 
2. Alex T.T Nguyen, Brandt M, Orifici AC, Feih S. Hierarchical surface features for 
improved bonding and fracture toughness of metal–metal and metal–composite bonded joints. 
International Journal of Adhesion and Adhesives. 2016;66:81-92.  
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3.2.   INTRODUCTION 
It is commonly understood that intimate molecular and atomic contact between 
adhesive and adherend is required in order to achieve good adhesion strength and fracture 
toughness. From this theoretical adhesion phenomenon, surface treatments such as thermal, 
chemical, mechanical, laser or plasma are developed to roughen the adherend surface for 
mechanical interlocking effect and good wettability. The intrinsic surface morphologies 
created by these processes are remarkably similar to the as-built surface of an SLM 
component in term of distribution of peaks and valley. It is postulated that the as-built SLM 
component can be applied directly for hybrid structural joints, thus characterisation in terms 
of strength and fracture toughness is critically required. Further, macro features (100 µm to 
200 µm) have been shown numerically to improve joint performance through crack 
deflection mechanisms. However, no experiments have been carried out to confirm the results 
due to limitations in current manufacturing capabilities. In addition, the exact mechanisms 
driving the increasing joint fracture toughness have not been characterised. 
To address objective 1 and 2 of this PhD, the work in this chapter characterises 
adhesion properties of SLM manufactured titanium alloy (Ti-6Al-4V) surfaces. Two levels of 
surface features are investigated: (1) “micro” features from the inherent roughness of the 
SLM manufactured surface and (2) “macro” features in the form of repeating grooves or 
dimples in and out of the metal adherend surface. These surface features operate at different 
length scales, hence resulting in a hierarchical joint design. Experimental mode I static 
fracture toughness tests are performed to investigate the effect on fracture toughness and 
adhesion behaviour. The SLM titanium substrate is bonded to: 1) another SLM titanium 
substrate using film adhesive; 2) a CFRP carbon/epoxy composite material by co-curing. A 
non-linear finite element (FE) numerical model is used to characterise the mechanisms for 
improved fracture toughness in the hybrid metal-composite joint with repeating surface 
features.  
3.3.   EXPERIMENTAL AND MODELLING METHODOLOGY 
3.3.1.   SLM Manufacture 
The SLM system used in this work is SLM250HL (SLM Solutions, Germany) which 
has a build chamber of 250 mm x 250 mm x 350 mm and is equipped with YLR ytterbrium 
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fibre laser of 400 W maximum power in a continuous mode. The manufacturing processes 
and parameters (see Table 4) were optimised at the Advanced Manufacturing Precinct (AMP), 
RMIT University to produce Ti-6Al-4V parts with high strength and density (22, 109-111). 
Critically, a layer thickness of 30 µm, which is less than the melt-pool depth, has been 
characterised for high adhesion between layers and low dimensional errors (109-111). In the 
chamber, Argon gas is used with an elevated temperature of 200
o
C to improve absorption of 
the laser beam, prevent warping of the part due to non-uniform thermal expansion and 
increase spreading properties of the powder particles. A laser power and scan speed of 175 W 
and 710 mm/s had been characterised to provide sufficient layer bonding and low porosity in 
the parts. Figure 43 shows Computer Tomography (CT) scans of different manufactured truss 
structures with an average porosity volume of 0.4% and an average pore size of 70 µm. The 
average surface roughness of the SLM component for this particular system measured by an 
Alicona IF-EdgeMaster profilometer is 10 µm to13 µm. 
Table 4: SLM process parameters 
Laser 
Power 
Layer 
Thicknes
s 
Scan 
Speed 
Energy 
Density 
Hatch 
Type 
Hatch 
Spacing 
Spot Size Chamber 
Temp 
175 W 30 μm 
710 
mm/s 
68.5 
J/mm3 
Checker-
board 
120 μm 80 μm 200°C 
 
 
Figure 43: Computer tomography scan for porosity of truss-like structure, (left) Scanned 
Structure, (right) internal porosity 
 
It was found through several building trials that to minimize residual stresses and 
resulting plastic deformation of the specimens, the long slender titanium adherends of 140 
mm   25 mm   2.5 mm were built vertically on the build platform. It was also found that the 
adherends needed to be built with an inclination of 10° from the vertical axis to minimize 
geometrical distortion of surface features due to thermal dissipation process (see Figure 44).  
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(a) (b) 
Figure 44: SLM build planform (a) build orientation and (b) build angle 
 
The macro surface features investigated are shown in Figure 45a to Figure 45d. The 
investigated macro features on the titanium surface were incorporated into the component 
build during the 3D printing process. “Dimples” are hemi-spherical features covering the 
surface, whereas “grooves” are semi-cylindrical features that extend across the specimen 
width. 
  
(a) (b) 
  
(c) (d) 
Figure 45: Macro-features: (a) Outward Dimple; (b) Inward Dimple; (c) Outward Groove; 
(d) Inward Groove 
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Four different surface configurations were investigated, involving one dimple and 
groove geometry (diameter) in both an “inward” (removed from metal adherend surface) and 
“outward” (protruding from metal adherend surface) configuration. These were compared to 
“plain” specimens with no macro-surface features. The out-of-plane height for each surface 
feature was 200 µm, which is in the order of one composite ply thickness and considered the 
maximum value to avoid excessive distortion/thickening of the composite adherend. It is also 
a significantly different length scale compared to the inherent surface roughness of the SLM 
components.  
3.3.2.   Joint manufacture and test method 
The dimensions of the Double Cantilever Beam (DCB) mode I crack growth 
specimens are shown in Figure 46. The titanium adherends were joined to either another 
titanium adherend using FM300-2K film adhesive (Cytec Industries Inc.) or through co-
curing to a composite laminate made from T700 carbon/epoxy unidirectional prepreg plies 
(VTM264, Advanced Composites Group). It is important to note that the FM300-2K film 
adhesive has a mid-plane carrier cloth. Both curing processes took place in the autoclave 
according to manufacturer recommendations for the film adhesive (120°C, 275 kPa, 1.5 h) 
and composite (120°C, 620 kPa, 1 h). To define the pre-crack, polytetrafluoroethylene 
(PTFE) inserts of 55 mm length were included along the interface for the metal-composite 
(0.1 mm thickness) and metal-metal (0.2 mm thickness) joint. A thicker insert was chosen for 
the metal-metal joint to match the adhesive film thickness. The pre-crack was located on the 
same horizontal plane as the bond-line and macro features.  The pre-crack ended 1mm before 
the occurrence of the first surface features. Post curing, the aluminium loading tabs were 
adhesively bonded to both sides of the adherends.  
For the Ti-CFRP hybrid joint, the dissimilar bending stiffness of the two adherend 
materials was considered. Equation 1 was used to determine the thickness of the composite 
adherend that would match the bending stiffness of the metal adherend as closely as possible 
given the ply-based nature of the composite:  
       √
   
     
 
 
     Equation 1 
where t is the total adherend thickness and E is the elastic modulus in the specimen 
longitudinal direction of the composite (CFRP) or metal (Ti) adherend.  
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Figure 46: Overall dimensions of DCB specimen 
 
The composite material used a 0° lay-up with a stiffness of E = 120 GPa. Using 
material properties from Table 5 and Equation 1 the thickness of the CFRP adherend can be 
determined to be 2.45 mm. Based on this, 11 plies of 0.21 mm thickness were used to 
construct the CFRP adherend. However, due to resin bleeding during the curing process, the 
thickness of the composite was found to consistently reduce to an average of 2.1 mm for all 
specimens. As this study focused on characterising the effect of macro and micro features, the 
change in bending stiffness does not affect the overall results. This as-manufactured thickness 
was also taken into account in the numerical modelling.  
Table 5: Material properties of VTM264(112), FM300-2K(113) and Ti-6Al-4V (110) 
VTM264 FM300-2K Ti-6Al-4V 
E11 (MPa) 120000 E (MPa) 2400 E (MPa) 110000 
E22 (MPa) 7500 G (MPa) 840 G (MPa) 42500 
E33 (MPa) 7500 ν 0.4 ν 0.32 
G12 (MPa) 3900 XT (MPa) 94.2   
G13 (MPa) 3900 S12 (MPa) 54.4   
G23 (MPa) 2300 GIc(kJ/m
2
) 1.3   
ν12 0.32 GIIc (kJ/m
2
) 5   
XT (MPa) 2459 tfilm (mm) 0.2   
ZT (MPa) 45     
S12 (MPa) 85     
tply (mm) 0.21     
 
In Table 5: E and G are elastic and shear modulus; ν is Poisson ratio; subscripts 1,2,3 are 
directions in a ply-based coordinate system of fibre, in-plane transverse and out-of-plane 
transverse; XT, ZT and S12 are in-plane tension, out-of-plane tension and in-plane shear 
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strength; t is thickness of the composite ply or adhesive film; and Gc is fracture toughness in 
mode I and II crack growth.  
 
Figure 47: Optical traveling microscope to measure crack growth 
 
The Mode I interlaminar fracture toughness (GIc) was determined by applying a 
monotonically increasing opening displacement at a rate of 2 mm/min to the pre-cracked end 
of the DCB specimen. The crack length was measured as a function of applied load using a 
travelling optical microscope (see Figure 47). The Mode I fracture toughness was calculated 
using modified beam theory (114) : 
    
   
  (    )
 Equation 2 
 
where P is the applied load,   is the opening displacement, b is the specimen width, a is the 
crack length and    is a correction factor determined from test compliance. The opening 
displacement is considered to be equivalent to the applied displacement as the machine 
compliance was found to be 0.0007 mm/N, which is small enough to be neglected. 
3.3.3.   Finite Element Model 
Progressive damage models incorporating both material and geometric non-linearity 
in plane strain condition were developed in Abaqus/Standard 6.12 to characterise the effect of 
surface features on the adhesion behaviour of the metal-metal and metal-composite joints. 
Traveling Microscope 
Machine Grip 
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Plain and inward grooved specimens were modelled for the metal-metal joint while plain and 
outward grooved specimens were modelled for the metal-composite joint. The key aspects of 
the FE model are summarised in Figure 48.  
 
(a) 
Titanium Adherend
Titanium Adherend
Zero Thickness
Cohesive Elements
FM300-2K AdhesivePre-crack
 
Titanium Adherend
Titanium Adherend
Zero Thickness
Cohesive Elements
FM300-2K Adhesive
Pre-crack
1mm
 
(b) (c) 
Titanium Adherend
CFRP Composite Adherend
Zero Thickness
Cohesive Elements
CFRP Bridging Region
Pre-crack
Crack Deflection
 Assumption
 
Titanium Adherend
CFRP Composite Adherend
Pre-crack
Zero Thickness
Cohesive Elements
Fibre Waviness
Resin Rich Zone
1mm
 
(d) (e) 
Figure 48: FE model. (a) Overall specimen schematic with close-up region at crack tip 
shown. (b) to (e) Close-up of (b) plain metal-metal joint, (c) inward grooved metal-metal 
joint, (d) plain metal-composite joint, and (e) outward grooved metal-composite joint 
 
For all FE models, the cross-section closely followed the measured geometry of the 
experimental test specimens. The loading tabs were coupled with the adherends in all degrees 
of “relaxed”dom and pulled apart using displacement control. The adherends were meshed 
with 4 node plane strain elements (CPE4) (115) and their material properties are shown in 
Table 5. The typical mesh of each FE models is shown in Figure 49. 
Crack Tip 
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(a) (b) 
  
(c) (d) 
Figure 49: Double cantilever beam FE model (a) Plain Ti-Ti Joint; (b) “Inward Grooved” 
Ti-Ti Joint; (c) Plain Ti-CFRP Joint; (d) “Outward Grooved” Ti-CFRP Joint 
 
In order to capture the progressive crack growth along the bond-line, a pre-defined 
crack path was modelled by embedding zero thickness cohesive elements along the bonded 
region. Cohesive elements are interface elements that use a traction-separation material law 
similar to that shown in Figure 50, except for cohesive elements the properties are controlled 
in the three orthogonal material directions, representing the three crack opening modes (I – 
opening, II – sliding shear, III – scissoring shear). As such, the cohesive element material 
model requires the initial stiffness K, damage initiation stress σo and the fracture toughness in 
each of the three modes. 
 
Figure 50: Traction-separation law to control property degradation of cohesive elements 
 

0 max 
Gc 
c 
 
Page 75 
In the pre-crack zone, duplicate nodes at the same location describe the respective 
surfaces. These nodes are not merged and act at as the starter crack during crack opening. The 
typical length of all interface cohesive elements along a crack path was kept consistently at 
0.065 mm and the penalty stiffness K was determined using (116): 
   
  
 
 Equation 3 
 
where E3 is the adherend transverse elastic modulus, t is the adherend thickness, and   is a 
parameter used to set the penalty stiffness.  
A   value of 10 was found to provide a reasonable penalty stiffness of 96,000 MPa, 
which is large enough for an interface stiffness and small enough to reduce the risk of 
numerical problems such as spurious oscillations of the tractions in an element (116). All the 
cohesive parameters are indicated in Table 7 and Table 8. For the metal-metal joints, the 
crack path was embedded in the middle of the adhesive for both plain and inward grooved 
specimens (see Figure 48b and Figure 48c). The mechanical properties of the FM300-2K film 
adhesive are presented in Table 5. The total number of nodes and elements for the metal-
metal numerical analysis was approximately 94,000 and 91,000, respectively. 
For the plain metal-composite joint, a fibre bridging region was modelled and the 
straight crack path was offset 0.1 mm from the interface of the two adherends as illustrated in 
Figure 48d. For the outward grooved metal-composite joint, the grooves and resin-rich areas 
around the surface features were modelled similar to that of the cross-section indicated in 
Figure 51. The level of ply waviness assumed to occur in the through-thickness direction was 
found to affect the overall bending stiffness of the composite adherend, which was reflected 
in the initial stiffness of the test. A waviness of approximately three plies was found to give 
comparable compliance between the FE model and experimental data and reflects the amount 
of waviness observed in cross-sectional micrographs of the test specimens. The ply waviness 
around the groove was assumed to take the form of a cubic function and was assumed to 
reduce linearly from a maximum at the groove to zero at the third ply from the groove. For 
the remaining nine plies, the plies were assumed to be straight and without waviness. A 
similar process for determining suitable model geometry has been successfully demonstrated 
for similar features in previous studies (117). The total number of nodes and elements for the 
metal-composite numerical analysis was approximately 50,000 and 49,000, respectively.  
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Figure 51: Composite micro-structure around the outward groove features showing resin 
rich region and fibre waviness 
 
For the outward grooved metal-composite joints, it was not possible to accurately 
identify the path that the crack followed during propagation due to the occurrence of fibre 
bridging. Therefore, four different crack paths were investigated, as shown in Figure 52. 
Crack path 1 was at the interface of the resin pocket and composite ply. Crack path 2 was 
through the middle region of the resin pocket. Crack path 3 was within the resin pocket but 
close to the metal adherend groove. Crack path 4 was at the interface of the resin pocket and 
the groove. In comparison with the plain specimen, the overall increase in crack length of 
crack paths 1, 2, 3 and 4 is 11%, 13%, 16% and 19%, respectively. Furthermore, when the 
crack path conforms to the groove features, the crack growth is forced to deviate from pure 
mode I into a mixed mode condition. The closer the crack follows the groove features 
(extreme case is given by crack path 4), the more prominent the mode II effect will be on 
total adhesion behaviour.  
CFRP Composite
Fibre Waviness
Titanium Adherend
Crack Path 1
Crack Path 2
Crack Path 3
Resin Rich Zone
Crack Path 4
 
Figure 52: Crack paths in outward grooved metal-composite joint. 
Fibre Waviness 
Resin Rich Zone 
Partially Melted 
Particles 
Titanium Adherend 
Composite Adherend 
Outward Grooved 
Features 
300 µm 
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3.4.   RESULTS AND DISCUSSION 
3.4.1.   Metal-Metal Joint 
3.4.1.1.    Experimental Analysis 
Figure 53 shows the load versus applied displacement graphs and resulting fracture 
toughness versus crack length (so-called “R curve”) for the metal-metal joints. All specimens 
show a similar trend in terms of the adhesion behaviour. Essentially, the opening load 
increases linearly with opening displacement until the fracture toughness is reached at the 
crack tip and crack growth is initiated. Following this, steady-state crack growth is seen with 
mainly constant fracture toughness and corresponding reduction in the specimen load. This 
behaviour is consistent with brittle fracture where fracture toughness is a constant value. The 
average fracture toughness and standard deviations were recorded based on at least seven 
individual measurements of fracture toughness in the steady-state regime of two test 
specimens of the same test configuration. The experimental fracture toughness values are 
summarised in Table 6.  
  
(a) (b) 
Figure 53: Adhesion properties of Ti-Ti joint (a) opening load versus displacement; (b) 
fracture toughness R-curve 
 
The fracture toughness value of the plain specimen reported in Table 6 is similar to 
the manufacturer specified value of 1.3 kJ/m
2
 for FM300-2K film adhesive (113, 118). 
Additionally, no statistical difference is observed when comparing the bonded properties of 
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the plain SLM Ti-Ti joints with machined Ti-Ti joints treated with grit-blasting and silane 
coating as reported by Brack and Rider (39). The result demonstrate that the inherent micro 
surface features of the SLM surface are as effective in maximising the bonding potential as 
industry-practice advanced surface treatments for machined titanium. 
Table 6: Experimental results for metal-metal joints: Average fracture toughness (kJ/m
2
) with 
standard deviation expressed as a tolerance.  
Plain 
Inward 
Dimpled 
Outward 
Dimpled 
Inward 
Grooved 
Outward 
Grooved 
Grit-blasted + 
Silane treatment 
(39) 
1.38  0.05 1.28  0.05 1.36  0.14 1.4  0.22 1.32  0.07 1.30 
 
The high bonding ability of SLM titanium is attributed to its surface morphology as 
shown in Figure 54a. This surface consists of a large amount of partially melted particles (40 
µm to 45 µm) attaching to the surface due to the thermal dissipation of the molten pool at the 
laser focal point as shown in Figure 54b. Shown in the roughness profile in Figure 54c, a 
semi-regular distribution of ridges between the partially melted particles can be observed. 
  
(a) (b) 
 
(c) 
Figure 54: (a) Surface characteristic of SLM component; (b) Partially melted particle on 
SLM surface (adopted from Strano et al.
(19) 
); (c) SLM surface roughness profile 
200 µm 
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In a sessile water drop test, Vaithilingam et al. (119) confirmed similar contact angles 
of around 45° for an as-built and solvent-cleaned SLM surface with a typical average surface 
roughness of Ra=18 µm and a polished and solvent-cleaned SLM surface with Ra=0.5 µm, 
indicating no statistical difference in the wettability of the metallic surface based on 
roughness. It is therefore concluded that the presence of surface particles provides an 
enhanced mechanical interlocking mechanism as resin flow occurs around partially attached 
particles (see Figure 55). This increases the contact area between the SLM surface and the 
adhesive and also allows the formation of effective particle hooks within the adhesive. 
Subsequently, the interfacial strength between titanium and epoxy is superior to the adhesive 
strength and maximises the bond properties of the dissimilar joint without the need for 
additional surface treatment.   
 
Figure 55: Typical cohesive fracture surface with partially melted particles and adhesive 
 
When macro features were introduced, no noticeable improvements on overall 
bonding properties are observed. In fact, all joints failed cohesively in the middle of the 
adhesive layers.  Inspection of fractured adherends revealed that the crack path was indeed 
along the tight-knit carrier cloth that is manufactured within the film adhesive to control the 
bond-line thickness (see Figure 56). The carrier cloth did not deflect around the surface 
features due to its thickness. Thus, it can be concluded that macro features were not effective 
at deflecting the crack path for the metal-metal joint. This finding is similar to results 
reported by Da Silva et al. (64), which indicated that macro surface features had no 
noticeable effect on the shear strength of a single lap joint, but that shear strength was instead 
sensitive to the micro-surface roughness created by the chemical etching process.  
Partially Melted Particles 
Adhesive 
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(a) (b) 
Figure 56: Metal-metal joints, typical experimental failure surface pair showing (a) adhesive 
(with imprint of carrier mesh), (b) carrier mesh with close-up region shown 
 
3.4.1.2.   Numerical Analysis 
Numerical analysis was used to further investigate and support the experimental 
observations. A straight crack path in the mid-plane of the adhesive was simulated for the 
plain and inward grooved specimen (see Figure 48b and Figure 48c). For the brittle fracture 
mechanism of the adhesive, a linear softening law can accurately describe the energy release 
process. The corresponding strength and fracture toughness cohesive law parameters were 
based on the manufacturer data while the penalty stiffness was calculated using the 
aforementioned Equation 3. As pure mode I crack growth was seen throughout all 
experiments, mixed-mode parameters were not considered for this analysis. The values are 
summarised in Table 7. 
Table 7: Cohesive law parameters used for adhesive brittle fracture 
Cohesive parameters 
Metal-Metal joint 
FM300-2K 
Strength     (MPa) 94.2
(1) 
Strength     (MPa) 54.4
(1)
 
Fracture toughness     (kJ/m
2
) 1.3
(1)
 
Fracture toughness     (kJ/m
2
) 5
(1)
 
Penalty Stiffness Kn (MPa) 96000
(2)
 
Penalty Stiffness Ks (MPa) 96000
(2)
 
(1) Manufacturer Data; (2): Calculated from literature and experimental data 
 
As shown in Figure 53, the numerical results for the plain and inward grooved 
configurations demonstrate similar adhesion behaviour to the experimental data. This 
demonstrates the suitability of the numerical modelling strategy, including the material 
properties used. Furthermore, this also provides confirmation that the macro features had no 
significant influence on the adhesion behaviour for as long as the crack path remains in the 
mid-plane of the adhesive. 
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3.4.2.   Metal-CFRP Composite Joint 
3.4.2.1.    Experimental Analysis of Plain Specimen 
Load-displacement and R-curve results for plain metal-composite joints are shown in 
Figure 57 with results for relevant metal-metal joints also included. These results illustrate a 
significant difference in adhesion behaviour between metal-metal and metal-composite joints. 
For metal-metal joints, failure occurred within the adhesive film and resulted in brittle 
fracture and roughly constant fracture toughness. In contrast, for metal-composite joints, the 
R-curve shows increasing crack growth resistance with crack length. The initiation of crack 
growth also occurs at significantly lower load. The fracture toughness and R-curve behaviour 
is in fact very similar to composite-composite joints using the same composite material 
system (VTM264) and specimen configuration (DCB) as studied by Donough et al. (113) and 
Pingkarawat and Mouritz (77). 
  
(a) (b) 
Figure 57: Plain specimens. (a) Opening load versus displacement. (b) Fracture toughness 
versus crack length. 
 
The inherent micro surface morphology of the SLM titanium adherend creates a 
strong interface between the SLM surface and the adjacent bonding material (see Figure 58a). 
These particles essentially introduce an interlocking mechanism between the titanium and 
composite adherend. Post-fracture surface analysis indicated that a layer approximately 0.1 
mm thick of CFRP composite stayed attached to the titanium adherend. The appearance of 
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composite material on the adherend surface further suggests that the interface has higher 
strength than the interlaminar strength of the composite. As such, the crack immediately 
deflected into the adjacent composite material as shown in Figure 58b, which explains the 
similar fracture characteristics of these metal-composite joints to composite-composite joints 
in literature. Consequently, as a crack propagates within the composite material, a significant 
degree of fibre bridging is formed behind the crack front as indicated in Figure 58b, resulting 
to an increase in total fracture toughness.   
  
(a) (b) 
Figure 58: (a) Surface morphology of plain metal-composite at bond-line at preload 
condition (b) damage mechanism during crack propagation process 
 
The crack growth behaviour of the hybrid joint can be separated into three distinct 
stages of crack initiation, fibre bridging and steady-state crack propagation. Each of these 
stages correlates with a non-linearity location indicated on the load versus displacement curve 
and crack growth resistance curves in Figure 57. The “Crac  Initiation” point on the R-curve 
correlates with the “Stiffness Reduction” point indicated on the load versus displacement 
curve. At this point, the crack initiated in the resin-rich layer at the crack tip which is 
immediately followed by the fibre bridging mechanism. This fibre bridging mechanism 
continues to raise the opening load and in turn fracture toughness until maximum load is 
reached as indicated b  the “Maximum Load” point on Figure 57a. Following this point 
where the bridging zone is fully developed, the opening load reduces with opening 
displacement and the R-curve in Figure 57b reaches steady-state crack propagation. The R-
curve indicates that the contribution of fibre bridging to the fracture toughness is significant 
and much larger than the fracture toughness at crack initiation. 
Fibre Bridging 
Crack Front 
Resin Fracture 
Pre-crack  
Deflected into 
composite 
Pre-crack  
Composite 
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3.4.2.2.   Numerical Analysis of Plain Specimen 
To establish the baseline adhesion behaviour of a plain specimen exhibiting multiple 
fracture mechanisms, a numerical model with a straight crack path was first developed by 
adopting the superposition procedure of two cohesive elements at the same location 
introduced by Dávila et al. (120) and applied by Heidari-Rarani et al. (121) Figure 59a 
illustrates the superposition of two different cohesive laws to obtain a new softening law for 
the simulation of multiple damage mechanisms. Essentially, the first cohesive element with 
high strength and low toughness is used to represent the resin fracture at the crack front while 
the second cohesive element with low strength and high toughness is used to represent the 
fibre bridging mechanism. 
Fibre Bridging:
Exponential Softening Law
Crack Front:
Linear Softening Law
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Figure 59: (a) Illustration of superposition of two mode I cohesive laws. (b) Resin fracture 
linear cohesive law. (c) Fibre bridging exponential cohesive law. 
 
The linear resin softening law is defined by penalty stiffness , maximum strength,   
and critical energy release rate,   . It was found that the latter dictates the location of the 
initial “Stiffness Reduction” point on the load-displacement curve indicated in Figure 57a and 
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“Crac  Initiation” on the R-curve as shown in Figure 57b. For fibre bridging, an exponential 
traction-displacement law as described by Feih et al. (122) is generally better suited than a 
linear law. The exponential softening law is defined by the penalty stiffness , maximum 
traction  , opening displacement   and exponent α. It was found that the traction parameter   
dictates the fibre bridging slope as well as the delamination length at which steady-state crack 
propagation occurs on the R-curve in Figure 57b.  
All property values for mode I crack growth in Table 8 can be determined from the 
experimental data based on the measured load-displacement and R-curves. A value of 
Gc=190 J/m
2
 was established to accurately capture the crack initiation. This fracture initiation 
value agrees well with values published by Sørensen et. al (123) and Svenson et. al (124) for 
mode I crack initiation, which are ranging between 150 J/m
2
 to 300 J/m
2
 for CFRP 
composites. The fibre bridging strength value of 2.3 MPa was found to provide accurate 
predictions of the bridging slope and the location at which steady-state crack growth occurs. 
Additionally, the calibrated mode I strength for the fibre bridging cohesive elements 
correlates well with values published by Sørensen et al. (123) of 1.3 MPa to 2.5 MPa. The 
resin strength within the composite interface can be determined by subtracting the fibre 
bridging strength from the total strength according to the procedure devised by Dávila et al. 
(120). The result of 42 MPa is in good agreement with the composite through-thickness 
strength (125).  The penalty stiffness  for both cohesive elements was established based on 
Equation 3 as for the metal-metal joint.  
Table 8: Cohesive parameters used for fracture in the composite involving fibre bridging 
Cohesive parameters 
Metal-Composite joint  
Resin Fracture Fibre Bridging Composite 
Strength     (MPa) 42.2
(1)
 2.3
(1)
 44.5 
Fracture toughness     (J/m
2
) 190
(1)
 1005
(1)
 1195 
Opening Displacement  (mm) -- 6.6(1)  
Exponential alpha   -- 16(2)  
Penalty Stiffness Kn (MPa) 35700
(2)
 35700
(2)
  
Strength     (MPa) 81 4
(2)
 85
(3)
 
Fracture toughness     (J/m
2
) 1100
(2)
 1650
(2)
 2750 
Penalty Stiffness Ks (MPa) 35700
(2)
 35700
(2)
  
Power law coefficient  1.21
(3)
 1.21
(3)
  
(1) Calculated from experimental data; (2) Calibrated to fit with experimental data; (3) based on literature data (31); (4) manufacturer’s values 
 
The evolution of damage during the crack propagation process is defined by a scalar 
variable D. The cohesive element completely loses its rigidity when D is equal to 1. For the 
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resin fracture cohesive element, the damage evolution has a linear shape and is described by 
Equation 4. On the other hand, the fibre bridging cohesive element is defined with a damage 
evolution of exponential shape influenced by a non-dimensional parameter   as described in 
Equation 5 (115). 
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 Equation 5 
 
The value of maximum bridging displacement was determined directly from the load-
displacement curve at the point where “Maximum Load” occurred (6.6 mm), and an exponent 
value of  =16 was used resulting in an equivalent fracture toughness value of 1005 J/m2. A 
graphical representation of both mode I cohesive laws is presented in Figure 59b and Figure 
59c. The results of the numerical model are compared to the experimental results in Figure 
57. The numerical model accurately captures the points at which non-linearity in stiffness and 
fracture toughness occurred.  
3.4.2.3.   Experimental Analysis of Macro Features Specimen 
In general, the overall adhesion behaviour of metal-composite joints with macro 
surface features was similar to plain metal-composite joints, in terms of the load-
displacement and R-curve behaviour, and the cracking within the composite adherend. 
However, the maximum load and the steady-state fracture toughness were found to be 
dependent on the macro surface features as shown in Figure 60.  
Both inward and outward dimpled configurations did not show any visible effect on 
the maximum opening load and steady-state fracture toughness as compared to the plain 
specimen. This was due to the crack path remaining largely straight, despite the macro 
features. On the other hand, clear differences were observed for the inward and outward 
grooved configurations. These specimens reached a higher maximum load of up to 160 N for 
the outward grooved case and 141 N for the “inward grooved’ case (compared to a maximum 
of 130 N for the other configurations). This correlates with an increase in steady-state 
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fracture toughness of almost 50% for the outward grooved specimen and 23% for the inward 
grooved specimen relative to the plain specimen. The fracture toughness results in Table 9 
indicate that the outward grooved feature was more effective than the inward grooved feature.  
  
(a) (b) 
Figure 60: Metal-composite joints experimental results. (a) Opening load versus 
displacement. (b) Fracture toughness R-curve 
 
Table 9: Experimental results for metal-composite joints: Average fracture toughness (kJ/m
2
) 
with standard deviation expressed as a tolerance.  
Plain 
Inward 
Dimpled 
Outward 
Dimpled 
Inward 
Grooved 
Outward 
Grooved 
Composite-
Composite  (77) 
1.10  0.04 1.16  0.11 1.09  0.04 1.35  0.05 1.65  0.08 1.1 
 
This is related to the fact that the outward groove acts as a male mould for the plies 
and allows them to conform better to the groove shape. Figure 51 shows the micro-structure 
of the composite indicating a resin rich zone and fibre waviness around the outward groove 
surface feature, which modifies the crack path from straight to wavy and absorbs more 
energy as the crack propagates. It is also evident that the partially melted particles exist on 
top of the outward groove features leading to hierarchical adhesion features promoting the 
crack to conform to the adherend features. The composite micro-structure around the groove 
is used as basis to generate geometry for the numerical models presented in Figure 52. 
Overall, the rise in fracture toughness of the grooved specimens demonstrates that selected 
macro surface features can be effective at enhancing the adhesion properties for hybrid metal-
composite joints.   
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3.4.2.4.   Numerical Analysis of Outward Groove Macro Features Specimen 
The experimental results and micro-structure of the outward groove features indicate 
that crack path deflection occurs as the bond-line is modified around the groove features. The 
previously established cohesive law parameters for composite fracture with fibre bridging 
were used along with the introduction of mode II properties as (see Table 8).  
 
 
(a) (b) 
Figure 61: Mode II cohesive laws of (a) linear resin fracture (b) exponential fibre bridging 
 
The mode II fracture properties of the same CFRP composite system were tested in 
house by Pegorin et al. (77) and Goh et al. (125) through the use of standard End Notch 
Flexture (ENF) test. In order to avoid fibre bridging, the two plies at the interface were layed 
up perpendicular to the crack growth direction (90°) to minimize fibre bridging, thus 
allowing the measurement of neat resin mode II critical energy release rate (    ) of 1100 
J/m
2
 (77). A mode II initiation fracture toughness of 1600 J/m
2
 using the same unidirectional 
composite system was measured with two interface plies lay up in the same direction as crack 
growth (0°) direction, thus allowing fibre bridging to occur. It can be concluded that the 
presence of fibre bridging increases the mode II initiation fracture toughness. To the author’s 
knowledge, no data on mode II properties of steady-state fibre bridging mechanism has been 
reported for carbon fibre/epoxy composite. Experimental studies conducted on mixed-mode 
properties of glass fibre/epoxy composite by Sørensen and Jacobson (126) reported a mode II 
fibre bridging strength of 10 MPa which drops down to approximately 1MPa to 2MPa with 
increasing crack displacement. In this work, due to limited literature data available, an 
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exponential law was calibrated for the mode II properties of the fibre bridging cohesive 
element. A mode II fibre bridging strength of 4 MPa and an equivalent fracture toughness of 
1650 J/m
2
 was found to agree well with the experimental data of outward grooved features. 
The mode II properties of resin fracture and fibre bridging cohesive elements are recorded in 
Table 8 and shown graphically in Figure 61. 
To account for the mode mixity effect, a power law mixed-mode energy response was 
specified for both sets of the cohesive elements. The dependency of the fracture energy on 
mode mixity is defined as: 
{
  
  
 }
 
 {
   
   
 }
 
   Equation 6 
 
where   
  and    
  correspond to the critical fracture energy required to cause failure in the 
normal and shear directions, respectively. The mixed-mode value   is specified to be 1.21 
which was previously verified by Pinho et al. (127) as sufficient to accurately present mixed-
mode data for most carbon fibre composites.  
  
(a) (b) 
Figure 62: Outward grooved Ti-CFRP joints. Experimental and numerical (FE) results. (a) 
Opening load versus displacement. (b) Fracture toughness versus crack length. 
 
The results for load-displacement and R-curve are shown in Figure 62 in comparison 
with experimental results from two repeats of the same specimen configuration. Maximum 
load and fracture toughness both increase as the crack path aligns more closely with the 
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groove features. The results in Figure 62 also show that the crack paths along the composite-
resin pocket interface (1) and along the interface of the resin pocket and metal feature (4) 
provide suitable upper and lower bounds for the experimental results. The crack paths in the 
middle of the resin pocket (2) and (3) provide results representative of the experimental 
average.  
  
(a) (b) 
Figure 63: Outward grooved Ti-CFRP joint, numerical analysis results for crack path 2 in 
comparison with plain joint. (a) Opening load versus displacement. (b) Fracture toughness 
versus crack length. 
 
A more in-depth numerical investigation was conducted to characterise the factors 
contributing to the increase in fracture toughness due to the crac  deﬂection caused b  the 
outward grooved feature. It was found that there are two key factors that contribute to the 
fracture toughness increase from crac  deﬂection. The ﬁrst is an increase in the crack path 
length com- pared to the straight path, where forcing the crack to follow a longer path 
increases the work required to propagate the crack through the joint and requires more work 
for the same effective crack length (measured along the straight path). The second factor is 
the change from pure mode I to mixed-mode crack growth as the crack moves away from the 
straight path (perpendicular to applied load), where the material resistance to crack growth in 
shear and hence in mixed-mode crack growth is higher. The previous anal sis quantiﬁed the 
effect of combining both factors (referred to here as the “combined anal sis”). To quantif  
the effect of only the change in crack length, the analysis was re-run with the mode II 
parameters set to mode I values (or “crac  length anal sis”). To quantif  the effect of the 
change to mixed-mode crack growth, the crack length analysis results were subtracted from 
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the combined analysis results. Figure 63 shows the comparison in adhesion behaviour using 
the combined analysis and crack length analysis for crack path 2 (in the middle of the resin 
pocket). Table 10 displays the contribution of each contributing factor toward the steady-state 
fracture toughness for all crack paths. 
Table 10: Percentage breakdown of each contributing factors toward overall increase in 
adhesion properties according to each studied crack path. 
 
Combined 
analysis 
(kJ/m
2
) 
Crack 
length 
analysis 
(kJ/m
2
) 
Combined 
increase (%) 
Contribution of 
crack length 
effect to overall 
increase (%) 
Contribution of 
mixed-mode 
effect to overall 
increase (%) 
Plain 1.20 1.20 – – – 
Crack path 1 1.54 1.34 28 12 16 
Crack path 2 1.67 1.39 39 15 24 
Crack path 3 1.76 1.44 46 20 26 
Crack path 4 1.83 1.46 52 21 31 
 
Considering the results for crack path 2 (middle of the resin pocket) as typical of the 
average experimental result, the results in Figure 63 and Table 10 show a roughly equal 
contribution of the crack length and mixed-mode effect in increasing the  maximum  load and 
fracture toughness. Relative to the plain joint, Table 10 highlights that the 39% increase in 
fracture toughness consists of a 15% increase from the crack length effect and a 24% increase 
from the mixed-mode effect. Similarly, the crack length effect increases the load during 
steady crack growth rate by 6.5% whilst the mixed- mode effect increases the load by a 
further 14%. The results in Table 10 also show that the relative contributions of the two 
factors remain similar when changing the crack path. The contribution of the crack length 
effect increases when compared to the plain specimen due to the respective increase in crack 
length for each of the four crack paths. Additionally, as the crack path more closely follows 
the groove, the contribution of the mixed-mode effect becomes more dominant. This is 
because the shear mode component increases as a result of a crack with an increase in 
deﬂection angle (or more aligned with the load direction). 
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3.5.   CHAPTER CONCLUSION 
An investigation into the fracture toughness and adhesion behaviour of SLM 
manufactured titanium alloy surfaces in Ti–Ti and hybrid Ti-CFRP joints was performed 
using mode I fracture toughness tests. The inherent roughness of an SLM-machined titanium 
surface without any additional mechanical and chemical surface treatment maximises the 
toughness of the adhesive film. Detailed investigation confirmed that the as-built micro- 
surface morphology of SLM components is able to provide an increased contact area and 
mechanical interlocking between adhesive and adherend, which in turn maximises the 
adhesion potential of the adhesive. 
When the SLM surface is co-cured with a composite material, the crack front is 
deﬂected into the composite material (around the interface of the ﬁrst and second pl ), which 
emphasizes that the interface strength of the hybrid structure is higher than the interlaminar 
composite strength. In addition, hierarchical features are proven to be highly effective at 
improving the fracture toughness and adhesion behaviour of the hybrid joint. Two conditions 
were established for macro surface features to be effective. Firstly, the micro-surface 
morphology must be able to provide higher interface strength as compared to the bonding 
composite material. Secondl , the macro features must be able to create a deﬂected or wavy 
crack path that introduces mixed-mode crack growth and an increase of crack path length. 
In this work, numerical modelling successfully captured the brittle adhesive fracture 
in the Ti–Ti joint and the two independent mechanisms of resin fracture and ﬁbre bridging 
that occurred during fracture of the hybrid joint. The numerical analysis was able to 
characterise the role of the crac  deﬂection mechanism in increasing joint performance for 
different macro surface features. Using the numerical model, the increase in crack length 
and change to mixed-mode crack growth were shown to make roughly equal contributions 
to increasing the fracture toughness of the hybrid bonded joint for the crack path observed. 
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CHAPTER 4.     PIN PULL-OUT BEHAVIOUR FOR HYBRID 
METAL-COMPOSITE JOINTS WITH INTEGRATED 
REINFORCEMENTS 
 
4.1.   CHAPTER SUMMARY 
Hybrid metal-composite joints that integrate pins on the metal adherend to enhance 
the composite adhesion are a novel joining concept with high potential for performance 
improvements. There is a critical lack of knowledge for these types of joints under pull-out 
loading in terms of the performance of a single pin and the correlation to behaviour in a 
multi-pin joint. This chapter investigates Selective Laser Melting (SLM) manufactured 
Titanium adherends with pins integrated into carbon fibre-reinforced polymer (CFRP) 
composite. Single pin specimens under pull-out loading and Mode I crack growth specimens 
reinforced with rows of pins were investigated using experimental, finite element and 
analytical methods. The results indicate that the pin-composite interfacial strength was 3.5 
times higher than comparable carbon fibre z-pins due to the excellent adhesion characteristics 
of the as-manufactured SLM pin surface. Consequently, the SLM pins enabled a 365% 
increase in Mode I steady-state fracture toughness. In contrast to carbon fibre z-pins, the 
enhanced bonding also increased the maximum pin load and Mode I initiation fracture 
toughness by around 250%, with no trace of pin-composite debonding during cure due to the 
thermal mismatch. Lastly, finite element models using the pull-out response characterised in 
the single pin tests give excellent predictions of experimental behaviour in the multi-pin 
joints, hence reducing the need for extensive experimental testing of large scale joints with no 
additional calibration. The outcomes of the work provide new findings regarding the 
correlation between pin behaviour in isolation and in multi-pin joints, highlight the 
importance of a strong pin-composite adhesion for increased joint performance, and 
demonstrate an analysis methodology that can be applied to design and optimise pin-
reinforced composites and metal-composite hybrid joints. 
The work in this chapter was published in: 
1. Alex T.T Nguyen, Brandt M, Feih S, Orifici AC. Pin pull-out behaviour for hybrid metal-
composite joints with integrated reinforcements. Composite Structure. 2016 
2. Alex T.T Nguyen, Brandt M, Feih S, Orifici AC. Bio-inspired metal-composite hybrid 
joints. Advanced Composites Innovation Conference. 2016 (Best Paper Award) 
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4.2.   INTRODUCTION 
The work in previous chapters shows that surface features can be produced 
successfully during the manufacturing process of the titanium adherend using selective laser 
melting (SLM). Theoretically, pin like features can also be fabricated for the integration in 
the through-thickness direction of a hybrid metal-composite joint. This type of joint has not 
been studied so all aspects of this new joining technique need to be understood. Critically, 
knowledge is needed on the manufacturing processes and the effect on the subsequent joint 
properties, the performance of a single pin as it is pulled out of the composite, and the 
performance of a multi-pin joint where pins are pulled out. Further, there is a lack of 
knowledge on the critical link between single pin performance and multi-pin joint properties. 
While there are similarities between this pin integrated hybrid joint and CFRP z-pin 
reinforced composite laminates, distinguishable differences can be expected between the two 
systems. Firstly, CFRP z-pins have an inherent misalignment angle up to 14, which among 
other factors leads to “snubbing” or friction as the pin is pulled out. Secondly, residual 
thermal cracks from curing in manufacturing significantly affect the joint performance. These 
two factors prevent direct translaton of CFRP z-pin body of knowledge to this proposed 
hybrid joint. Thirdly, z-pins are manufactured in a straight pre-form and most of the 
properties are therefore apparent and cannot be optimised further. 
To address Objective 3a on the effect of pin geometry on failure mechanisms, the 
performance of reinforcements in hybrid SLM metal-CFRP composite joints is investigated 
in single pin specimens and multi-pin joints. Straight single pin specimens of varying pin 
geometry (length and diameter) are used to characterise the composite microstructure and 
metallic component geometry and material in the manufactured joint. These specimens are 
then experimentally tested in tension (loading along the pin axis) to study and characterise in 
isolation the adhesion response of a single pin as it is pulled out of the composite. Double 
Cantilever Beam (DCB) specimens in unpinned and pinned configurations (with pins in rows) 
are tested experimentally and analysed with finite element (FE) models. The results clearly 
establish for the first time the correlation between single pin pull-out and pin pull-out in 
multi-pin joints, both in terms of the failure modes and failure energy. This novel work 
includes applying an analytical model for pin pull-out behaviour, which is empirically 
characterised from the single pin tests, to the FE models of the DCB specimens. The FE 
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method is extended to perform parametric studies of pin distribution and adherend geometries. 
Comparison to typical CFRP z-pin properties is provided where applicable to highlight the 
influence of pin alignment and enhanced surface bond between pin and composite. 
4.3.   EXPERIMENTAL METHODOLOGY 
4.3.1.   Single pin pull-out test 
Single pin specimens were designed involving a square planform and central through-
thickness pin (Figure 64). A test setup was developed to apply tension (pull-out) loading to 
pull the metal and composite adherends apart along the pin axis (Figure 64). The composite 
adherend used unidirectional pre-preg tape layers of T700 carbon/epoxy plies (VTM264, 
Advanced Composites Group). A polytetrafluoroethylene (PTFE) insert of 0.1 mm thickness 
was used at the interface of the titanium adherend and the composite as a pre-crack (see 
Figure 64). This allowed for the exclusive study of the pull-out response of the pin, as the 
adhesion properties between the two materials have been characterised previously (128).  
Aluminium
Tab
X
Z PTFE as
pre-crack
CFRP AdherendCFRP Adherend
D
L
R=0.5 mm
Pin Axis
Ti Adherend
10 mm
2
.5
7
 m
m
 
Figure 64: Pull-out test setup of a single pin specimen with detail cross-section schematic 
 
To manufacture the joint, the uni-directional plies were first laid up into sub-laminates 
of four layers and de-bulked, and each sub-laminate was then pressed onto the pin using 
manual pressure until the composite and metal parts were in contact. The process was 
repeated until the thickness of the composite adherend was equal to the total length of the pin. 
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The whole system was co-cured in an autoclave according to manufacturer recommendations 
for the composite (120°C, 620 kPa, 1 hour).  
Table 11: Specimen configurations 
Specimen D [mm] L [mm] 
Single pin 0.50 2 
Single pin 0.50 3 
Single pin 0.50 4 
Single pin 1.00 3.5 
DCB -- -- 
DCB 0.50 2 
DCB 0.50 4 
 
After curing, aluminum tabs were adhesively bonded to the adherends. The tabs were 
connected to a double lap joint that used a single bolt on each side of the joint, and the end of 
the joint was clamped in the test machine. The double lap joint was loosely bolted to secure 
the joint with only minimal bolt torque, which allowed for slight movement and rotation of 
the configuration under loading. This was found to be necessary so that the test setup could 
self-adjust under loading, to prevent damage to the specimen from any misalignment between 
the pin axis, tabs and test machine loading axis. The specimens were loaded with a 
monotonically increasing opening displacement at a rate of 0.5 mm/min. Four different 
specimen configurations were investigated, as shown in Table 11, involving three variations 
in total pin length and two variations in pin diameter (D), with three specimens per 
configuration tested. For the thick pin specimens (1 mm diameter), 5 specimens were tested. 
Given the chamfer of the pin, and the definition of pin length (L) being to the bottom of the 
chamfer (see Figure 64), using the same pin total length for thin and thick pins resulted in a 
different pin length L for the same composite thickness.  
4.3.2.   Double cantilever beam hybrid joints 
Double Cantilever Beam (DCB) specimens (ASTM D5528-13 (114)) were used to 
study the crack growth in the hybrid joint specimens under Mode I (opening) loading, as 
shown in Figure 65. A similar pin insertion and joint manufacturing process as for the single 
pin specimen was used. Three different specimen configurations were investigated, as shown 
in Table 11, with an unpinned specimen and two configurations of varying pin length, and 
three specimens per configuration tested. The pin diameter was 0.5 mm for all specimens and 
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the pin volume content was nominally set to 0.5% by using spacing between pins of 6.27 mm. 
The first row of pins was placed at the end of the pre-crack region (start of the bonded region). 
The thickness of the composite adherend in the unpinned specimen was set to match the 
bending stiffness of the metal adherend. For the pinned configurations, the composite 
adherend thickness was controlled by the pin total length, and an additional composite 
laminate was bonded to the metal adherend so that the bending stiffness of both cantilever 
arms was equal. The thickness of the composite reduced by up to 0.1 mm on average due to 
resin bleed in curing, though this was considered to have minimal effect on fracture 
toughness, and the as-manufactured thickness was used in numerical models.  
 
Figure 65: Double Cantilever Beam specimen 
 
A monotonically increasing opening displacement was applied at a rate of 2 mm/min 
to aluminium tabs bonded onto the pre-cracked end of the DCB specimen. The crack length 
was measured throughout the test using a travelling optical microscope. The Mode I fracture 
toughness (GIc) was calculated using same method described in Section 3.3.2.  
4.3.3.   SLM manufacturing 
The manufacturing parameters presented in Section 2.3.2.  are used to produce the 
specimens. In this work, the specimens were printed upright with an inclination angle of 20 
(see Figure 66) from the vertical axis to reduce thermal residual stresses in the part and to 
allow for printing of the overhanging pin structure without additional support material for a 
length of up to 4 mm per pin (111). Detailed characterisation of the effect of building 
orientation has been performed in-house and indicated that support is needed if the 
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overhanging structure is less than 20 degrees with respect to the horizontal axis as indicated 
in Figure 67. 
 
Figure 66: Typical as-built Double Cantilever Beam specimens 
 
Recent publications (24, 25) on the effect of build orientation with mechanical 
properties of the same Ti-6Al-4V material reported approximately 4% reduction in ductility 
and no effect on stiffness and strength when build orientation is changed from vertical to 
horizontal. As the pins are manufactured at a 20 degrees angle, it is expected that the pin 
strength and stiffness is similar to that of the bulk material with little reduction in ductility. In 
addition, Strano et al. (19) experimentally showed little change in surface roughness ranging 
from 12 μm to 16 μm with increasing build angle from 5o to 90o for a podwer based 
manufacturing process as particles inherently attached to the surface due to thermal 
dissipation. As there is no change in the roughness of the part, it is expected that the partially 
melted particles on the pin offer high adhesion performance as shown in previous study by 
the authors (128).  
 
Figure 67: Cantilever overhang structure manufactured at a range of inclination angle (111) 
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Detailed inspection of the manufactured pins revealed that the cross-sectional shape 
of the thinner pins (D = 0.5 mm) varied significantly from being nominally circular. This is 
due to the partially melted particles attached to the bottom side of the pin as shown in Figure 
68a. This phenomenon had been previously observed for thin overhang truss structures (111). 
Considering all results, the cross-sectional shape was found to be best approximated by an 
ellipse. The thicker pins (D = 1.0 mm) were largely unaffected by this and the cross-section 
remained mostly circular. The major and minor diameters of the elliptical profile were 
measured for the single pin specimens at three locations along each pin, with four 
measurements taken at 90 intervals around the pin at every location. At least three 
specimens were measured for each configuration, and the coefficient of variance (COV) was 
less than 4% for all sets of measurements. A summary of the average pin dimensions is 
shown in Figure 68b, where the profiles of the nominally 0.5 mm and 1.0 mm pins are 
overlaid. The pin cross-sectional area and circumference from the ellipse of best fit was taken 
into account when calculating the pin strength and interface strength. The difference between 
the nominal (design) and actual manufactured pin dimensions meant that the actual L/D ratio 
varied for each configuration, in some cases significantly, which is further discussed in the 
results section where the nominal and actual L/D ratios are presented. For the DCB 
specimens, another effect of the cross-section change was to increase the pin volume content 
from 0.5% to 0.74% for the 0.5 mm diameter pin and 0.55% for the 1.0 mm diameter pin.  
Laser Beam
Partially Melted
 Particles
A
A
 
1.04 mm
1
.0
6
 m
m
0
.6
7
 m
m
0.55 mm
Partially
Melted
Particles
 
 
(a) (b) (c) 
Figure 68: SLM manufacture. (a) Partially melted particles. (b) Average of measured 
dimensions for D=0.5 mm (inner profile) and D=1.0 mm. (c) Sample pin cross-section. 
 
The pins were found to contain a small amount of internal porosity along their length 
as shown in Figure 68c. The maximum diameter of the internal porosity varied from 30 m to 
Porosity 
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200 m. The location of the largest pore was stochastic in nature along the pin length, though 
the majority of the porosity was found to be located on the finishing side (see Figure 68c) of 
the pin. This type of surface porosity is expected to reduce the tensile strength of the pin as 
compared to that of the bulk material due to the small diameter and proximity of pores to the 
tensile surface stresses. Another inherent defect found for the SLM pins was the potential 
reduction in diameter at the pin root. This is thought to be due to heat dissipating into the 
large base of the component leading to a smaller melt pool. A small fillet of 0.5 mm radius 
was found to mitigate this defect effectively and was introduced for all pins. 
Despite these aspects, the overall dimensional tolerance of the SLM-manufactured 
components was very high, with an expected tolerance of 0.1 mm for all dimensions. The pin 
axis of the specimen was straight and the misalignment angle was estimated to be 1 to 2 
following insertion into the CFRP composite adherend in contrast to typical values of 14 (75) 
for CFRP z-pins. 
4.4.   ANALYSIS METHODOLOGY 
A numerical modelling approach is developed to predict the performance of an 
arbitrary multi-pin hybrid joint by superposing discrete fracture events due to single pin pull-
out with the continuous fracture of the unpinned interface (see Figure 69). The 
aforementioned single pin pull-out test (see Figure 64) is used to identify the parameters for 
an analytical pull-out law or stress-displacement behaviour for the discrete distribution of 
non-linear springs as outlined in Section 4.3.1.  Separately, an unpinned specimen in DCB 
configuration is characterised to determine the mechanisms associated with the unpinned 
adhesion properties. Two continuous crack growth contributions in the form of matrix 
fracture and fibre bridging are identified and implemented via cohesive elements on the 
interface as described in Section 4.4.2.  It should be noted that the developed FE models 
considered the three fracture mechanisms of a pinned specimen, namely matrix fracture, fibre 
bridging and pull-out bridging, are separate events. It had been shown experimentally by 
Mourtiz (71) that the fibre misalignment resulting from pinning (see Figure 71) of a 0.51 mm 
diameter pin with a 0.5% pin densit  reduces the Young’s Modulus of the same material 
system from approximately 120 MPa to 116 MPa (see Figure 34a). This reduction in stiffness 
can subsequently influence the fibre bridging behaviour as illustrated by Farmand et. al (129). 
A change in bending stiffness in the form of increasing adherend thickness from 2.0 mm to 
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10.0 mm leads to an increases in steady state fracture energy Gss from 0.6 kJ/m
2 
to 1.1 kJ/m
2
. 
In this study, the aforementioned reduction in CFRP composite stiffness due to pinning is 
relatively small and thus the influences of pin on fibre bridging and fracture behaviour of the 
joint is neglected. No additional adjustment or calibration of parameters is undertaken for the 
pinned DCB model. 
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Figure 69: Numerical analysis methodology 
 
4.4.1.   Analytical bridging laws 
For the single pin specimens, the pins being pulled out show failure (loss of load-
carrying capability or maximum load) either from pin-composite interface failure in shear or 
pin fracture in tension. It is assumed that the pin is perfectly embedded in the surrounding 
material, and that the PTFE layer (see Figure 64) prevents any contact (load transfer) between 
DCB Specimen 
Crack Front 
Fibre Bridging 
Non-linear spring location:  
Required pin spacing (density) 
Interface elements with 
cohesive laws 
Adherend 
Single Pin Specimen 
Pull-Out Law 
CFRP CFRP
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metal and composite parts except for at the pin-composite interface. As such, the load path 
between adherends involves all load carried in the pin-adherend interface and in the pin itself. 
The interfacial shear stress      at maximum load Pmax can be determined using the pin-
adherend contact area, and is given by:  
     
    
  (    )
 Equation 7 
 
where    is the pin circumference from the averaged measured ellipse (Figure 68b), and 0 is 
the pin pull-out displacement at Pmax (which reduces the interface contact area). Separately, 
the axial tensile stress      in the pin at maximum load is determined from:  
     
    
  
 Equation 8 
 
where    is the pin cross-sectional area from the averaged measured ellipse (Figure 68b). For 
specimens that fail (at Pmax) due to interfacial shear failure, Equation 7 is used to determine 
the interface strength. For specimens that fail in pin fracture, Equation 8 is used to determine 
the pin tensile strength. 
The transition between the two failure modes is a function of pin strength, interface 
strength and geometrical parameters. At the transition point, both failure modes are occurring 
at the same load. Combining Equation 7 and Equation 8, an expression can be derived to 
define the transition L/D aspect ratio of the pin: 
 
 
 
    
     
 Equation 9 
 
Equation 9 shows that the transition aspect ratio is a function of only the relative 
strengths of the pin and interface, and that pins with aspect ratio greater than the transition 
L/D will fail in pin fracture.  
A single pin “pull-out law” in defined in this study as a relationship between the 
interface stress  and the pull-out displacement  , given by:  
 ( )          [   (
    
 
)
 
] Equation 10 
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where max and 0 are obtained from experimental data and the two dimensionless parameters 
 and  are curve-fit to experimental data. The interface stress is determined from: 
 ( )   ( )     Equation 11 
 
where   is the circumference of the pin and   is the embedded length of the pin as defined in 
Equation 12 by Lee et al. (92) such that the pull-out displacement   varies from    to   while 
x varies from   to  .  
  
 
    
(   ) Equation 12 
 
The energy associated with the pull-out process can be calculated by integrating 
Equation 11 over the pull-out displacement or can be estimated from experimental data using 
the area under the traction load versus pull-out displacement curve. 
 To correlate between the failure energy of the pull-out specimens and the fracture 
toughness observed in multi-pin joints, the following equation is used 
       
 
  
 Equation 13 
 
where Gpin is the contribution of the pins to the fracture toughness of the joint (as other 
mechanisms exist that also provide fracture toughness), Vp is the volume fraction of pins in 
the joint, and E is the failure energy of a single pin. 
4.4.2.   Finite element model 
While semi-analytical approaches are available to analyse DCB results with pull-out 
events (84, 85), finite element modelling provides a more flexible framework to capture the 
response of pin-reinforced composite structures. Three-dimensional models of the DCB 
specimens were developed in Abaqus/Standard 6.12, and incorporated both material and 
geometric non-linearity. The key aspects of the FE model are summarised in Figure 70a, and 
the material properties are shown in Table 5. Three different mechanisms occur during crack 
propagation process and are captured separately through the use of either continuous cohesive 
elements at the interface (fibre bridging, resin fracture) or discrete spring elements to model 
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every pin individually. The loading tabs were coupled with the adherends in all degrees of 
“relaxed”dom (DOF) and pulled apart using displacement control.  
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Figure 70: Numerical methodology (a) simulation scheme with (b) uniform distribution of 
pins and (c) zig zag distribution of pins 
 
The basic adhesion properties of the unpinned specimen including resin fracture and 
fibre bridging need to be considered first as outlined in detail in Chapter 3 for the same 
material system (128). The numerical procedure uses two superposed cohesive elements at 
the same location to capture the two simultaneous damage mechanisms of resin fracture and 
fibre bridging. Essentially, the first cohesive element with high strength and low toughness is 
used to represent the resin fracture at the crack front, while the second cohesive element with 
low strength and high toughness is used to represent the fibre bridging mechanism. The 
typical length of all interface cohesive elements along the crack path was kept consistently at 
0.05 mm. The respective material property values are shown in Table 12. The use of cohesive 
elements treats these two damage events as simultaneously occurring continuous processes 
along the length of the DCB specimen. 
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The additional discrete bridging traction mechanism of the pins during the pull-out 
process can be modeled using non-linear springs (73, 130, 131) or cohesive elements (97, 
132, 133). In this study, non-linear springs were used as the analytical bridging laws derived 
from equations in Section 3.1 can be directly input into the model as discrete spring 
properties (SPRINGA) (115) at the actual location of each metal pin, hence resulting in a 
discrete toughness contributions rather than a continuous process. For the 0.5 mm diameter 
pin, volume contents of 0.5%, 1% and 2% were achieved by spacing the pins at intervals of 
6.27 mm, 4.43 mm and 3.13 mm, respectively. The spacing interval was doubled for the 1.0 
mm diameter pins of the same volume content. The investigation of pin distribution and 
adherend thickness effect on Mode I crack resistance response are conducted on 1.0% pin 
density with uniform pin distribution (see Figure 70b) by increasing the original adherend 
thickness of 2.6 mm to 4.6 mm; and by zig-zagging the distribution patterns (see Figure 70c).  
Table 12: Cohesive model parameters 
Cohesive model parameter 
Metal-Composite joint  
Resin Fracture Fibre Bridging Composite 
Normal Strength     (MPa) 42.2
(1)
 1.4
(1)
 44.5
(1)
 
Normal Fracture Energy     (J/m
2
) 200
(1)
 800
(1)
 1000
(1)
 
Maximum Normal Displacement   (mm) -- 6.6(1)  
Mixed-mode exponent   -- 12(2)  
Normal Penalty Stiffness Kn (MPa) 35700
(2)
 35700
(2)
  
Shear Strength     (MPa) 81
(1)
 4
(2)
 85
(3)
 
Shear Fracture Energy      (J/m
2
) 1100
(2)
 1650
(2)
 2750
(3)
 
Shear Penalty Stiffness Ks (MPa) 35700
(2)
 35700
(2)
  
Power law coefficient  1.21
(3)
 1.21
(3)
  
(1) Calculated from experimental data; (2) Calibrated to fit with experimental data; (3) Based on literature data  
 
4.5.   RESULTS AND DISCUSSION 
4.5.1.   Composite micro-structure surrounding pin inserts 
The disruption to the composite micro-structure caused by inserting the through-
thickness SLM pins was similar to that seen for CFRP z-pins (see for example the work of 
Chang et al. (71)). Figure 71a shows a schematic of the typical alteration in in-plane cross-
sectional profile that was characterised by localised fibre waviness, broken fibres and a resin-
rich zone. In all cases, the localised fibre waviness region is defined by the horizontal lengths 
   and    and vertical length    and    (Figure 71a). These parameters were found to be 
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symmetric and a function of the pin dimension in the same direction, such that H3 = H4 = 
3.5Dh and V1 = V2 = 3Dv for all pin sizes. The fibre waviness confined within the region of    
and    reduced linearly from a maximum around the pin to zero at the length   . The resin-
rich zone was formed in the region between the broken fibres and the pin as shown in Figure 
71. The horizontal length of the resin-rich zone is defined by    and   , and it was found that 
H1 = H2 = 3Dh. 
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(b) (c) 
Figure 71: Cross-section schematics. (a) In-plane (XY) (b) BB: through-thickness parallel to 
fibres (XZ). (c) CC: through-thickness perpendicular to fibres (YZ). 
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Additionally, the pin insertion process altered the through-thickness cross-section of 
the composite, which was distinguished by fibre crimp, fibre breakage and a resin-rich zone 
parallel to the fibres as shown in Figure 71b. The act of fibre crimping led to formation of a 
resin-rich zone defined by distances    and    (refer to Figure 71b) which were found to be 
equal and approximately 2.5 times the diameter    parallel to the fibre direction. The fibre 
crimp diminished linearly toward the tip of the pin. No resin-rich zone was found in the 
through-thickness cross-section perpendicular to the fibres (Figure 71c), as in this direction 
the fibres did not crimp and simply moved laterally as the pin was pushed through in 
manufacture. 
  
  
 
 
 
 
(a) (b) 
Figure 72: Pin embedded in CFRP composite highlighting increased surface area and 
mechanical interlocking. (a) In-plane cross-section. (b) Through-thickness cross-section  
 
Previous studies on carbon z-pin reinforcement have reported interfacial cracking due 
to the mismatch between the thermal expansion coefficient of the pin and the adjacent resin-
rich zone. Sweeting and Thomson (81) have shown in-plane thermal-induced interface 
cracking and Mouritz (75) further showed partial interfacial cracking along the through-
thickness direction. In this work, no interfacial cracking was found at the in-plane cross-
section (Figure 72a) and through-thickness cross-section (Figure 72b) for all unidirectional 
fibres specimens despite the similar interruption of the fibre network. The fact that there is no 
visible thermal crack despite the mismatch in thermal expansion coefficient between the 
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titanium pins and the surrounding material demonstrates the significant strength of the pin-
composite interface, which is attributed to the partially melted particles that are attached on 
the surface of the pin. In the previous chapter, the bonding results had shown that these 
particles enhance the interface strength through an increase in surface area and through 
mechanical interlocking.  
4.5.2.   Correction of compliance 
A typical bridging traction vs crack opening displacement under the effect of 
0.5mm/min pulling rate is shown by the dotted line in Figure 73a. To account for slacking 
during pulling, a linear relationship for the elastic part of the curve is determined. 
Subsequently, the displacement is corrected by deducting the slacking distance    as shown 
by the solid line in Figure 73a. Furthermore, the slacking region is replaced by the 
determined linear relationship as shown by the dash line.  
  
(a) (b) 
Figure 73: Example pull-out load vs displacement curve (a) corrected curve for system 
slacking; (b) corrected curve for machine compliance 
 
Additionally, to correct the displacement for machine compliance, the true 
displacement within the elastic region measured by the extensometer (shown in Figure 73b) 
is used to determine a correction factor   .  
 
   
         
 
 
Equation 14 
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Where     is the displacement updated for the system slacking;       is the true 
displacement obtained by the extensometer;   is the opening traction load. 
In this work, the machine compliance was determined as approximately 0.00075 
mm/N, 0.0006 mm/N and 0.00045 mm/N for the 2 mm, 3 mm and 4 mm pin specimens 
respectively. Finally, the true displacement of the entire curve can be adequately corrected 
with the evaluated compliance factor using a similar method to that used in (120). 
           (    ) Equation 15 
 
The final opening traction load vs crack opening dis placement curve is shown by the 
solid line in Figure 73b. All the curves presented from this section onward have been 
corrected for the system slacking and machine compliance. 
4.5.3.   Pull-out response of single SLM pins 
The experimental results of the single pin specimens under pull-out loading are 
presented in Figure 74 and Table 13, where Figure 74 presents the traction load versus pull-
out displacement results of each configuration, and Table 13 summarises all calculated results 
based on the previously provided analytical expression. It should be noted that the increase in 
total circumference of the pins due to the partially melted particles are taken into 
consideration in the presented results as per Equation 7 and measured Ce values as provided 
in the table. In Table 13, results for the coefficient of variance are also included, and although 
this is calculated from only three data points in most instances it is still considered a 
reasonable indication of the variance in the results. For the purpose of comparison, an 
“Actual” L/D is provided, where the diameter was taken from the average of the major and 
minor diameters of the elliptical profile. For one test (D=0.5, L=3), displacement data was 
considered unreliable from the test, so the 0 and failure energy values were excluded as 
outliers. Good repeatability was seen across all results, with variance between 4% and 15% 
for maximum load and failure energy across all specimens (except one configuration where 
the variance on failure energy was 38%), and no inconsistencies in failure mode were 
observed for any configuration. 
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(a) (b) 
  
(c) (d) 
Figure 74: Single pin specimens, load versus pull-out displacement (a) D=0.5, L=2; (b) 
D=0.5, L=3; (c) D=0.5, L=4; (d) D=1.0, L=3.5 
 
Table 13: Single pin specimens, summary of experimental results 
 D=0.5, L=2 D=0.5, L=3 D=0.5, L=4 D=1.0, L=3.5 
L/D Nominal 4 6 8 3.5 
L/D Actual 3.3 5.0 6.5 3.33 
Ce, mm 1.9256 1.9256 1.9256 3.2988 
Failure mode Interface Pin Pin Interface 
Pmax, N (COV) 189 (9%) 212 (14%) 207 (15%) 567 (7%) 
0, mm (COV) 0.062 (25%) 0.055* (6%) 0.044 (23%) 0.071 (13%) 
Failure energy, J (COV) 99.8 (4%) 17.0* (7%) 18.4 (38%) 432 (6%) 
max, MPa - 731 715 - 
max, MPa 50.7 - - 49.9 
* 1 result excluded as an outlier 
Overall, the traction load vs displacement curves in Figure 74 indicate two-stage 
behaviour at increasing applied displacement: (i) elastic behaviour until maximum load; (ii) 
post max load, rapid reduction of load (Figure 74b, c) or progressive gradual reduction 
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(Figure 74a, d) is seen. The mechanisms associated with the two-stage pull-out response of 
all specimens are summarised in the schematic shown in Figure 75.  
 
 
(a) (b) 
  
(c) (d) 
Figure 75: Schematic of pin’s pull out process: (a) pre-loading condition; (b) stress-state at 
maximum load point; (c) pin  fracture and (d) pin pull out mechanism 
 
In the first stage from when the specimen is first loaded (Figure 75a) until the 
maximum load point      , linear elastic properties are seen where the response can be 
derived from the straining of the titanium pin. Additionally, there is an axial tensile stress on 
the pin and an inherent shear stress at the interface as a result of load transfer between the 
composite and the pin (Figure 75b). In the second stage beyond the maximum load point, 
there exist two possible modes of failure. If the maximum axial tensile stress exceeds the pin 
strength before the maximum shear stress exceeds the interfacial shear strength, the pin will 
rupture (Figure 75c) leading to a sudden reduction in load as seen in the pull-out response of 
the higher aspect ratio pin specimens (D=0.5, L=3 and D=0.5, L=4) (Figure 74b and Figure 
74c). Otherwise the pin is pulled out against friction (Figure 75d) where the load is 
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progressively reduced as seen in the response of the lower aspect ratio pin specimens (D=0.5, 
L=2 and D=1.0, L=3.5) (Figure 74a and Figure 74d). Using the average of the max and max 
values in Table 13 with Equation 9 produces a transition aspect ratio of L/D = 3.6, which 
agrees well with the observed transition between specimens with modified aspect ratios of 3.3 
and 5.0. The energy absorbed in interface failure was significantly higher than in pin fracture, 
with more than five times the absorbed energy for the same pin diameter.  
 
 
 
 
(a) (b) 
Figure 76: Specimens following interface failure. (a) Microscopy images of pin. (b) CT scan 
of pin cavity in composite adherend with only titanium set to be visible. 
 
The average interface stress from the two configurations showing interface failure 
was 48 MPa. The higher interfacial strength is closely related to the partially melted particles 
existing at the surface of the SLM pin. During the co-curing process, the ridges between the 
particles provide mechanical interlocking effect in addition to the increase of surface bonding 
area. This in turn enhances the load-carrying ability of the interface and promotes adhesive or 
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adherend failure, as the crack progresses through the adhesive or composite resin and either 
diverts around or shears through the titanium particles. This was seen in microscopy images 
of the pins following interface failure, which showed the surface covered with adhesive and 
partially melted particles (Figure 76a). Further, computed tomography (CT) scans of the pin 
cavity in the composite adherend after pin pull-out revealed a large amount of partially 
melted titanium particles still attached to the surface of the epoxy resin (Figure 76b).   
The pin fracture mode also demonstrated behaviour that is characteristic of SLM 
material components. Figure 77 shows typical pin fracture damage. The average tensile 
strength from the two configurations showing pin fracture was 725 MPa, which is 
significantly lower than the bulk material strength of 1028 MPa previously reported (22). Pin 
fracture was also seen to occur close to the pin root (see Figure 77). As such, failure stresses 
for the pins were lower than the bulk material strength due to the combined effects of stress 
concentrations at the root during pull-out and random distribution of porosity size and 
location in the vicinity of the root. Another contributing factor is speculated to be the 
mismatch in thermal coefficient expansion which introduces residual compressive stress on 
the pin leading to pin failure at lower strength. 
  
Figure 77: Pin fracture near root fillet. Embedded SLM powder particles at root clearly 
observed. 
 
Partially Melted 
Particle 
Fracture Surface 
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4.5.4.   Single pin pull-out law 
Using the analytical pull-out law of Equation 10, values of = 5.75 and =1.55 were 
found to provide suitably close prediction for the pull-out response of both configurations, as 
shown in Figure 78. In this figure, the displacement data has been normalised using the pin 
length so that the results from the two configurations can be easily compared. These results 
show that the pull-out law represents the behaviour of both pins very well, with any deviation 
within experimental variance. Analytical predictions of failure energy were 91 J and 473 J for 
thin pins (D=0.5, L=2) and thick pins (D=1.0, L=3.5) respectively. These values are 9% 
within the experimental values and of the order of the experimental variance of the test data. 
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Figure 78: Interface stress versus normalised pull-out displacement compared with typical z-
pin strength calculated based on study of Mouritz and Koh
(76)
 
 
The typical pull-out stress-displacement curve of a CFRP z-pin of 0.28 mm thickness 
and 4 mm length is indicated for comparison in Figure 78 (76).  One key aspect in the results 
that differs from published z-pin results is the exponential shape of the load-displacement 
curve, as evidence that the interface failure mode was characterised in isolation. Typically, 
carbon and metallic z-pin reinforcements exhibit linear load-displacement behaviour during 
pull-out (72, 82, 84, 97, 101, 103, 134, 135). This can be attributed to a large degree of 
misalignment in the pins, typically 12 to 15, which introduces a “snubbing” or crushing 
damage mechanism that acts in addition to the interface failure (71). In contrast, studies of 
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steel bar reinforcement in concrete have widely reported exponential pull-out behaviour, 
where the interface properties degrade from the abrasion of the pull-out process (89-93). As 
such, the results in this study provide the first evidence that despite the different scales 
involved, the deterioration interface failure of micro-scale through-thickness reinforcements 
is governed by the same mechanisms as for steel-reinforced concrete. Further, the observation 
of exponential pull-out behaviour confirms that the interface failure was characterised for 
straight pull-out without additional damage modes such as snubbing, which could have been 
present if the test setup did not self-adjust. 
Another significant difference to published z-pin results for metallic or carbon 
reinforcements is the much larger interface strength of 48 MPa, which is caused by the 
excellent adhesion between the SLM surface and composite as explained previously, and is 
much higher than the typical interfacial strength of around 15 MPa reported in comparable 
studies of CFRP z-pin reinforcement (72, 76, 97) shown in Figure 78. Additionally, the 
combination of residual thermal cracks along the interface of CFRP z-pin and composite as 
well as the inherent misalignment angle of the pin causes the stiffness of CFRP z-pin to be 
much lower than this hybrid system. It should finally be noted that the low pin strength and 
high interface strength reduces the transition aspect ratio of SLM pins to below 4 (see 
Equation 9), which in comparison was experimentally established as approximately 20 for 
CFRP pins (76). 
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Figure 79: Contribution of pins with 2 mm length of varying volume density to DCB Mode I 
steady-state fracture toughness 
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The close comparison between the experimental and analytical results indicates that 
the characterised pull-out law is independent of pin geometry and can therefore be used for 
design and optimisation studies. For example, Figure 79 shows the effect of increasing pin 
volume content on DCB specimens with L=2 mm pins of increasing diameter from 0.55 mm 
to 2.0 mm. The results indicate that the steady-state fracture toughness of a pin-reinforced 
joint increases linearly with increasing pin volume content for all pin sizes. Additionally, for 
the same pin content, the toughness value decreases exponentially with increase in pin 
diameter, which becomes more prominent with higher pin content. Essentially, when the pin 
aspect ratio moves away from the transition aspect ratio, the pins become less effective at 
absorbing energy. This is because thinner pins generate higher traction loads per unit crack 
area than thicker pins (79). Thus, it is essential to design the pin with the L/D aspect ratio 
smaller than the transition aspect ratio to ensure pin-composite interface failure occurs. 
However, the L/D aspect ratio should be close to the transition aspect ratio to ensure effective 
energy absorption.  
4.5.5.   Mode I crack growth behaviour of pin-reinforced hybrid joints 
Load-displacement and R-curve (fracture toughness versus crack length) results for 
the DCB specimens are shown in Figure 80 for the unpinned specimen and the pinned 
specimen with actual pin aspect ratios of 3.3 (D=0.5, L=2) and 6.5 (D=0.5, L=4), see  
. Additional steady-state fracture toughness of CFRP z-pin (D=0.5, L=2) is included 
in Figure 80b to compare the effectiveness of two different reinforcement systems. The DCB 
specimen with longer pins (actual aspect ratio 6.5) showed pin fracture with lower fracture 
toughness, which agrees well with the transition aspect ratio established in the single pin 
specimens, and demonstrates that pins show equivalent behaviour in the single pin and DCB 
specimens.   
From the results in Figure 80, the overall adhesion response of the unpinned specimen 
can be characterised by crack initiation at an initial fracture toughness of 0.2 kJ/m
2
, a region 
of increasing fracture toughness as the fibre bridging process zone develops, and then steady-
state crack propagation with a roughly constant fracture toughness of 1.0 kJ/m
2
 and fully 
developed bridging zone of approximately 30 mm. The R-curve indicates that the 
contribution of fibre bridging to the fracture toughness is significant and much larger than the 
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fracture toughness at crack initiation. This behaviour is captured well by the numerical 
simulation, which uses separately characterised cohesive elements for basic adhesion failure 
of the resin and fibre bridging.  
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, experiment 
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Similar behaviour is seen for the pinned specimen, though the inclusion of the pins 
produced a significant increase in load-carrying capability and fracture toughness. The 
specimens with pins failing in pin-composite interface failure (L/D=3.3) had a significantly 
higher fracture toughness than the DCB specimens with longer pins (L/D=6.5). For the 
specimens showing interface failure and pin pull-out, the maximum load, fracture toughness 
at crack initiation and steady-state fracture toughness increased to 270%, 250% and 377% of 
the respective unpinned specimen values. Using the numerical model with non-linear springs 
for each pin, the load-displacement response and the increase in fracture toughness are again 
predicted very accurately, which reflects the accurate characterisation of the single pin 
behaviour. Comparatively, the fracture toughness of SLM pins is twice as high compared to 
similar CFRP z-pin configurations as indicated in Figure 80b. This is due to the significantly 
higher fracture energy associated with the pull-out process of SLM pins (see Figure 78).  
The mechanisms during crack propagation involve a combination of adhesion, fibre 
bridging, and pin traction leading to interface failure of low aspect ratio pins (D=0.5, L=2.0) 
or pin fracture of high aspect ratio pins (D=0.5, L=4.0) (see Figure 80b and Figure 81). As 
the crack opening displacement is applied, the first row of pins acts to provide a bridging 
traction. Under increasing opening displacement, the pins either start debonding or fracture, 
allowing the crack to propagate until it is arrested by the second row of pins. For high aspect 
ratio pins where pin fracture is seen, this process simply repeats with every row of pins. 
 
Figure 81: DCB specimen features and damage mechanisms 
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 For pins where interface failure is seen, the crack growth is accompanied by gradual 
pull-out of the pin, which absorbs a large amount of energy and is reflected in increasing 
Mode I fracture toughness. The process repeats to the third row of pins at which point 
maximum load is reached and the bridging zone along the crack length is fully developed. 
Following this, steady-state crack growth with stick-slip behaviour is seen, which is similar to 
the typical behaviour of z-pin reinforced CFRP composite (71, 73). The crack slips when a 
row of pins furthest away from the crack front is completely pulled out. This is usually 
reflected by a drop in load, which is regained when the crack advances and arrests at the next 
row of pins.  
 The failure energy of the single pin specimens also showed very good agreement with 
the fracture toughness of the DCB specimens. Using Equation 13, with the experimentally 
measured cross-sectional (elliptical) area, volume fraction and single pin failure energy, the 
pins are estimated to contribute 2.61 kJ/m
2
 to the DCB specimen steady-state fracture 
toughness. This compares very well (within 2%) with the value of 2.65 kJ/m
2
 obtained by 
subtracting the steady-state fracture toughness from pinned and unpinned DCB specimens. 
The numerical model captures the stick-slip phenomenon very well due to the discrete 
arrangement of non-linear springs. Numerically, the stick-slip condition between each pin 
row was also reflected in the R-curve. This is not possible to obtain by experiment as the 
crack propagation between pins is fast and only one crack length measurement per pin row is 
possible. Additionally, through the position of the crack front in the FE model and the 
corresponding fracture toughness, the process zone during crack propagation process was 
found to consist of three rows of pins, which also compares very well to experimental 
observations. 
Additionally, previous studies on z-pin reinforcement have observed that the presence 
of pins does not improve the initiation fracture toughness. In this study, it was shown both 
experimentally and numerically that the crack growth initiation toughness does increase. This 
is due to the high interface strength of the SLM pin-composite interface. As previously 
discussed, CFRP z-pins have low interface strength, and there is also typically significant 
debonding around the pin created in manufacture due to thermal mismatch. As such, these 
pins only start to absorb energy after they have started to be pulled out. On the other hand, the 
strength of the SLM pin-composite interface means that the pins can contribute to resisting 
initial crack growth. To confirm this, a numerical analysis was conducted with a pin interface 
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strength varied between 15 MPa (typical of CFRP z-pin reinforcements) and 50 MPa (typical 
of SLM pin). The crack resistance curve results shown in Figure 82 clearly demonstrate that 
the initiation fracture toughness increased from 0.32 kJ/mm
2
 to 0.76 kJ/mm
2
. In contrast, the 
initiation fracture toughness for pins with low interface strength is only 0.1 kJ/mm
2
 higher 
than the unpinned value. This is within typical experimental variance and explains why such 
increases are difficult to observe experimentally for previous conducted studies with CFRP z-
pins (78, 80). 
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Figure 82: R-curve within the first 3 rows of pin of increasing pin interface strength 
 
4.5.6.   Parametric investigation of pins distribution and adherend thickness 
A parametric investigation using the developed FE procedure was performed to obtain 
the optimal pin distribution and adherend thickness. Figure 83 shows the load and fracture 
toughness responses of different pin density. The results showed that the contribution of pin 
pull-out to the load and fracture toughness of the hybrid joint increases linearly with 
increasing pin volume density, similar to CFRP z-pins. Specifically, for every 0.5% increase 
in pin density, the load response and the corresponding fracture toughness is enhanced by 
33% and 74%. In addition, the R-curve also shows reduced bridging zone length prior to 
stable crack propagation with increasing pin density. This is particularly favourable as the 
damage zone of this joint type is essentially smaller. 
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Figure 83: DCB specimens pinned (D=0.5, L=2.0); numerical results of pin volume 
density. (a) Load-displacement. (b) R-curve. 
 
While rising pin density is advantageous in several aspects under mode I loading, the 
experimental results from Cartie et al. (136) indicated flexural failure of composite adherend 
with pin density of 4.0%. This type of failure is often followed when the compression 
strength of the composite plies is reached. For this material system indicated in Figure 65 
with 2.6 mm adherend thickness, using Timoshenko beam theory and assuming fix support at 
crack tip, the load vs displacement ceiling at which adherend fracture occurs is shown in 
Figure 83a. It should be noted that a knock down factor of approximately 8% taken according 
to the study of Mouritz (71) was applied to the strength and stiffness of the composite 
properties due to the intrusion of the pin that modifies the local micro-structure of the 
composites (see Figure 71). The results emphasise that through-thickness reinforcement in 
hybrid joints is effective with a pin volume density up to 1.0%, above which the adherend 
fractures with loss of the load-carrying ability. Comparatively, this maximum allowable 
density is less than that of 4.0% for CFRP z-pin as the energy associated with the pin pull-out 
process of the studied material is significantly larger.  
Additional composite backing can be added to reinforce the flexural properties of the 
adherend to avoid failure. Figure 84 shows the effect of adherend thickness on the mode I 
adhesion response of a hybrid joint using 1.0% pin areal density. Overall, the load response 
effectively increases and the steady-state fracture toughness remains constant at 
approximately 6.1 kJ/m
2
. This is expected, as the adherend arm is thicker while the total 
numbers of pins remains similar for all cases resulting in unchanged steady-state fracture 
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toughness. The one major difference is the increase in bridging zone length of the R-curve 
from approximately 9 mm to 21 mm shown in Figure 84b. Though not reported for CFRP z-
pin studies, this effect is similar to that of large scale fibre bridging reported by Sørensen et 
al. (137). This is due to the fact that thinner specimens have larger opening displacement for 
the same amount of given crack length leading to a much quicker stable crack propagation 
process. Thus, the thickness of the adherend arms should be equal to the length of the pin to 
achieve as small damage zone as possible. 
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Figure 84:  DCB specimens pinned (D=0.5, L=2.0) at 1.0% areal density; numerical 
results of adherend thickness. (a) Load-displacement. (b) R-curve. 
 
For all studied cases, the crack growth characteristic under mode I loading exhibited 
stick-slip condition which is not ideal as there is a sudden 6% to 10% drop of loads and 
fracture toughness as indicated in Figure 80. This behaviour is more prominent with lower 
pin density where the spacing between each pin interval is larger. Figure 85 shows 
numerically the stick-slip condition can be eliminated with a more stable and continuous 
crack growth process by using a zig-zag distribution pattern (see Figure 70). Comparatively, 
the average loads and fracture toughness of the joint are si ilar between both cases, however, 
the zig-zag distribution pattern is particularly favourable to avoid the forming of a resin-rich 
channel (see Figure 85), which can knock down the in-plane properties up to 20% for 1.0 mm 
pin as indicated in the study of Chang et al. (107).  
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Figure 85:  DCB specimens pinned (D=0.5, L=2.0) at 1.0% areal density; numerical 
results of pin distribution. (a) Load-displacement. (b) R-curve. 
 
4.6.   CHAPTER CONCLUSION 
In this chapter, the correlation of single pin versus multi-pin pull-out characteristics 
was successfully established for SLM pin-reinforced hybrid metallic/composite joints. Based 
on single pin tests for different pin geometries, the following important pin characteristics 
were derived: (1) the pin/composite interface bond strength, (2) the pin strength, (3) the pin 
pull-out bridging law and (4) the geometric ratio L/D that determines the transition between 
pin pull-out and pin fracture. The transition aspect ratio is especially important for the design 
of multi-pin joints as pins become less effective at absorbing energy as the pin dimensions 
moves away from the ideal aspect ratio. It was then verified experimentally and numerically 
that these single pin properties could be applied to predict the failure mode and the pin 
contribution to the steady-state fracture toughness of the DCB specimens. 
The DCB tests showed that the integration of SLM pins (nominally 0.5% of specimen 
volume) increased the maximum load, initiation fracture toughness and steady-state fracture 
toughness by 270%, 250% and 377% respectively, provided pins were designed to pull out of 
the composite and did not fracture. Finite element analysis of the DCB specimens utilised a 
modelling strategy in which resin fracture, fibre bridging and pin pull-out were separately 
characterised and applied within different elements in order to allow additional correlation 
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between the pin properties and fracture toughness improvements as well as comparisons with 
traditional CFRP z-pins to be made. 
Finally, the results clearly emphasised that the significantly higher interface strength 
for SLM pins within CFRP material translated into an increase in initiation fracture toughness 
and similarly higher steady-state fracture toughness. On the other hand, the transition aspect 
ratio for SLM pin pull-out is adversely affected by the high interface strength and is therefore 
much lower than for CFRP pins, which needs to be considered when designing joints with 
metallic SLM pins for optimal fracture toughness improvement. Detailed parametric studies 
provided critical information on the allowable ceiling of pin density, ideal adherend thickness, 
and pin distribution pattern to achieve optimal energy absorption with smaller damage zone 
and minimal reduction of composite in-plane properties.  
  
Page 124 
CHAPTER 5.     LOADING, SUPPORT AND GEOMETRY 
EFFECTS FOR PIN-RE-ENFORCED HYBRID METAL-
COMPOSITE JOINTS 
 
5.1.   CHAPTER SUMMARY 
Reliable metal-composite joining technologies are increasingly required for multi-material 
lightweight structures. Integrating through-thickness reinforcement pins on the interface of 
hybrid metal-composite joints enhances the overall adhesion performance significantly due to 
the energy absorption of the pin pull-out process. However, there is a critical lack of 
knowledge on how pull-out is affected by the variation in joint conditions expected in 
industrial structures, which include variations in the loading, support, pin alignment and pin 
geometry. Here, we investigate Selective Laser Melting manufactured Ti-64 with integrated 
pins bonded to carbon fibre-reinforced polymer composite. Single pin specimens and multi-
pin mode I crack growth specimens were investigated using experimental and finite element 
methods. The joint performance was characterised from pure tension loading to shear-
dominated loading. We found that the support condition of the integrated surface pins affects 
the pin pull-out process significantly, and that a fixed condition correlated best to the multi-
pin joints investigated. The alignment of the pin with respect to the crack direction and fibre 
angle had little effect on joint properties. Pins with grooved surface features, which exhibit 
three levels of hierarchical adhesion, increased energy absorption by 60% compared to 
smooth cylindrical pins. This work adds significant insight into hybrid metal-composite joints 
and their performance and optimisation in realistic structural loading scenarios.  
 
 
 
The work in this chapter was published in: 
CHAPTER 6.     Nguyen ATT, Amarasinghe CK, Brandt M, Feih S, Orifici AC. Loading, 
support and geometry effects for pin-reinforced hybrid metal-composite joints. Composites 
Part A: Applied Science and Manufacturing. 2017;98:192-206 
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6.1.   INTRODUCTION 
The behaviour of the pins reinforcing the hybrid joint under tensile (pull-out) loads 
has been characterised in detail in Chapter Four to establish the relation between the 
pin/composite interface and failure mode. Separately, the behaviour of a pin-reinforced 
hybrid joint in pure shear loading had been investigated in literature. However, the effect on 
the pin pull-out process for different combinations of mode mixity has not been characterised, 
and the variation in pin performance between the limiting cases of pure tension pull-out and 
shear-dominated loading is not well understood. Further, there have been no studies 
considering the introduction of pin surface features or alternative pin geometries that can 
enhance the energy absorption during pull-out, without increasing the pin strength to such an 
extent that catastrophic adherend fracture occurs. Additionally, the change in joint behaviour 
depending on how the pin is inclined relative to the composite fibre architecture or the crack 
growth direction is not well understood, and it is not clear in what circumstances joint 
behaviour is affected. Finally, the support condition of the adhenreds that relate to constraints 
of the pin throughout the pull-out process are not identified, and is essential to correctly 
correlate single pin specimens to multi-pin performance. 
To address Objective 3b on the effect of support conditions, mode mix loading and 
pin features on the failure mechanism, this chapter investigates the performance of 
reinforcements in hybrid SLM metal-CFRP composite joints in single pin specimens and 
multi-pin joints. Cylindrical single pin specimens of varying pin geometry (length, diameter, 
offset angle and features) and support condition (fixed and “relaxed” to self-adjust) are used 
to characterise the composite microstructure and the response of the single pin as it is pulled 
out of the composite under different loading combinations. The investigation focuses on 
varying the pin offset angle (to control the ratio of pull-out to shear stresses), adherend 
constraint, pin orientation with respect to the load direction and fibre direction, and surface 
features of the pin. Double Cantilever Beam (DCB) specimens in unpinned and pinned 
configurations are tested experimentally and analysed with finite element (FE) models. This 
provides a comprehensive characterisation of the influence of joint parameters on pull-out 
performance to an extent not previously seen in other published work, particularly in a single 
study. The use of single-pin and multi-pin joint also provides key understanding of the 
correlation between these joint types, with regards to the damage modes, joint performance 
and adherend constraint. The characterisation across different pin geometries (pin diameter 
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and length) and surface features further broadens the work and deepens our understanding of 
energy absorbing features at different length scales. 
6.2.   EXPERIMENTAL METHODOLOGY 
6.2.1.   Single pin pull-out test 
The same specimen definition and the manufacturing process of the single pin 
specimen described in Chapter Four section 4.3.1.  are used. The single pin specimen is 
indicated in Figure 86a. Two type of test setup i.e. self-aligning and fix constraint are 
developed to apply tension loading to pull the metal and composite adherends apart (Figure 
86b). In the self-aligning setup, the tabs were connected to a double lap joint that used a 
single bolt on each side of the joint, and the end of the joint was clamped in the test machine. 
The double lap joint was loosely bolted to secure the joint with only minimal bolt torque, 
which allows the configuration for slight horizontal movement along the x axis under 
loading. In this wa , the adherends were ““relaxed”” to self-adjust or re-orient in response to 
the loading. In the fixed setup, the tabs were simply gripped in the test machine and the 
adherends had no “relaxed”dom to self-adjust.  
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Figure 86: Pull out test (a) specimen; (b) self-aligning (left) vs fix constraint (right) 
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Table 14: Single pin pull-out specimen configurations 
Pin Feature 
L 
[mm] 
D 
[mm] 
( )  
[] 
  
Pin 
Constraint 
Type 
Pin Inclination 
Orientation 
Pin 
Volume 
[%] 
Cylindrical 
3.5 1.00 0 0 
Relaxed, 
Fixed 
-- -- 
3.5 1.00 10 0.17 
Relaxed, 
Fixed 
Along Fibres,  
Against Fibres 
-- 
3.5 1.00 20 0.34 
Relaxed, 
Fixed 
Along Fibres,  
Against Fibres 
-- 
3.5 1.00 30 0.50 
Relaxed, 
Fixed 
Along Fibres,  
Against Fibres 
-- 
Grooved 3.5 1.00 0 0 Fixed -- -- 
Pyramid 3.5 1.00 0 0 Fixed -- -- 
Helical 3.5 1.00 0 0 Fixed -- -- 
 
Eleven different specimen configurations were investigated, as shown in Table 14. 
The pins in all specimens were 4.5 mm in length (L) and 1.0 mm in diameter (D) with a 1.0 
mm chamfer to assist the pinning process. Given the chamfer of the pin, the pin length is 
measured to the bottom of the chamfer. To investigate the mixed mode loading effect, an 
“offset” or “pin angle” is used to offset the load axis and the pin axis. Four variations in 
offset angles were tested ranging from 0 to 30°. The degree of pull-out/shear loading is 
characterised b  the “mixed mode ratio”, which is defined b  the ratio of shear load to total 
load (94, 95, 134) in Equation 16: 
  √
   
       
      Equation 16 
 
where Px and Pz are the pin load components in shear (perpendicular to pin) and tension 
(along pin), respectively, and  is the pin offset angle. As shown in Table 14, the four 
variations of offset angle correspond to a range of mixed mode loading between pure pull-out 
(0, mixed mode ratio 0) and where the stresses from pull-out and bearing are equal (30, 
mixed mode ratio 0.5). This allows for characterisation of pull-out behaviour between the 
limiting conditions of pure pull-out and where bearing stresses from tensile loading are 
expected to be dominant. 
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(a) (b) 
  
(c) (d) 
Figure 87: Tested configurations (a) Straight cylindrical pin; (b) Grooved surface pin; (c) 
Pyramid tip pin and (d) Helical pin 
 
Each variation in offset angle was tested with fixed and “relaxed” boundary 
conditions. To investigate the effect of pin orientation with respect to the fibre direction, the 
pins were inclined “along” (parallel to) and “across” (in-plane perpendicular to) the fibre 
direction of the composite. That is, with reference to Figure 86a, the fibres are horizontal 
when the pins are inclined along the fibres, and directed out of the page when the pins are 
inclined across the fibres. Three repeat specimens were tested for each configuration, except 
the 20 and 30 pins inclined across the fibre direction in the fixed setup where only two 
specimens were tested due to pin fracture in manufacture. The 10 pin inclined across the 
fibre with “relaxed” test setup was not tested due to manufacturing defects. Separately, three 
pin geometry features, namely, a grooved surface, pyramid tip and helical pin were 
investigated to assess the influence of pin surface geometry on pull-out behaviour. Detailed 
geometrical parameters of each configuration are indicated in Figure 87. All specimens were 
loaded under displacement control at a rate of 0.5 mm/min. The opening load was measured 
by the load cell, and the pull-out displacement was corrected for machine compliance via an 
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extensometer. Once the pull-out tests were completed, the damage mechanisms within the 
specimens were analysed using Computer Tomography (CT) scan (Phoenix v|tome|xs 
Industrial High-Resolution CT & X-Ray System). Typical scanning parameters were 50 kV, 
400 Amps with a voxel size of 11 microns. 
6.2.2.   Double Cantilever beam hybrid joints 
Double Cantilever Beam (DCB) specimens (ASTM D5528-13 (67)) were used to 
study the crack growth in the hybrid joint specimens under Mode I (opening) loading, as 
shown in Figure 65. A similar pin insertion and joint manufacturing process as for the single 
pin specimen was used. All pins were oriented along the fibres (as previously discussed and 
shown in Figure 86a), and pin orientation was also defined as being “against” or “along” the 
crack growth direction, as shown in Figure 88. The crack length was measured throughout the 
test using a travelling optical microscope. The Mode I interlaminar fracture toughness (GIc) 
was calculated using same method described in Chapter Three and Chapter Four.  
 
 
 
Figure 88: Double Cantilever Beam specimen; Cross-section AA showing pin 
orientation against and along crack direction 
 
Six configurations were investigated, as shown in Table 15 with an unpinned 
specimen and ten configurations of varying pin geometry. Two pin sizes were used i.e. large 
pins (L=3.5, D=1.0) with 1.0% volume content and small pins (L=2, D=0.5) with 0.5% 
volume content. The volume content of different pin sizes was controlled by using a spacing 
of 8.23 mm and 6.27 mm for the large pin and small pin. Each pin size was tested with two 
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-
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Crack Direction
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+
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different offset angles (0 and 20for large pins, 0 and 10 for small pin). All pins were 
inserted along the fibre direction and against the crack growth direction, and the large pins at 
20 were also investigated along the crack direction (see Figure 88). Two specimens per 
configuration were tested.  
Table 15: Double cantilever beam specimen configurations 
L [mm] D [mm] ( ) [] 
Pin Inclination 
Orientation 
Pin Volume [%] 
-- -- -- Unpinned -- 
3.5 1 0 -- 1.0 
3.5 1 20 Along Crack 1.0 
3.5 1 20 Against Crack 1.0 
2 0.5 0 -- 0.5 
2 0.5 10 Against Crack 0.5 
 
The first row of pins was placed at the end of the pre-crack region (start of the bonded 
region). The thickness of the composite adherend in the unpinned specimen was set to match 
the bending stiffness of the metal adherend. For the pinned configurations, the composite 
adherend thickness was controlled by the total pin length, and an additional composite 
laminate was bonded to the metal adherend to ensure equal bending stiffness of both 
cantilever arms. In the case of the large pin an additional 10 plies were added on each 
adherend arm for additional reinforcement.  
6.2.3.   SLM manufacturing 
The same manufacturing parameters and orientation described in section 4.3.3.  are 
applied for the printing of the specimens used in this study. Similar inherent defects such as 
modified pin cross-section from circular to elliptical were recorded and the presence of the 
partially melted particles on the pin surface was observed. Detailed post-test inspection of the 
pin cavity on the single pin specimens found a small misalignment angle of 2 to 3 between 
the cavity (or pin) and the loading axis of the test machine. This was the result of the joint 
assembly process, specifically in the manual insertion process and the bonding of the loading 
tabs. This misalignment is still much less than typical values of 14 (106) for CFRP z-pins. 
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6.3.   RESULTS AND DISCUSSION 
The same analysis method as described in Chapter Four is used where the single pin 
specimens are characterised and analysed in terms mode of fracture mode and pull-out 
response. The load vs displacement curve of each specimen is used as a property for the non-
linear springs in a numerical model that also uses the basic adhesion of the unpinned 
specimen to capture the overall fracture toughness response. This numerical result is 
subsequently compared with experimental results of the multi-pin joints to correlate the mode 
mix effect between two different scales. The process is outlined in detail in Section 4.3.1.   
6.3.1.   Composite micro-structure surrounding pin inserts 
H1 H2
V1
V2
Broken Fibres
Decreasing
Fibre Waviness
Broken Fibres
Resin-Rich Zone
Dv
Dh
BB
C
CX
Y H3 H4
 
Figure 89: In-plane cross-section schematics 
 
The disruption to the composite micro-structure caused by inserting the through-
thickness SLM pins was characterised in detail in section 4.5.1.  Figure 89 shows a schematic 
of the typical alteration in in-plane cross-sectional profile that was characterised by localised 
fibre waviness, broken fibres and a resin-rich zone. In the 0
o
 specimen, the localised fibre 
waviness region is defined by the horizontal lengths    and    and vertical length    and    
(Figure 89). These parameters were found to be symmetric and a function of the pin 
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dimension in the same direction, such that H3 = H4 = 3.5Dh and V1 = V2 = 3Dv for all pin sizes. 
The fibre waviness confined within the region of    and    reduced linearly from a maximum 
around the pin to zero at the length   . The resin-rich zone was formed in the region between 
the broken fibres and the pin as shown in Figure 89. The horizontal length of the resin-rich 
zone is defined by    and   , and it was found that H1 = H2 = 3Dh. 
Table 16: Fibre waviness region parameters 
Pin orientation  ()    / Dh    / Dh    / Dv    / Dv 
 
0 2.9 3.0 3.1 3.0 
Along fibres 
10 2.2 2.8 2.9 3.0 
20 2.4 3.0 3.1 3.0 
30 2.3 2.9 3.0 3.0 
Across fibres 
10 2.8 2.8 3.8 3.1 
20 2.8 2.9 3.9 2.8 
30 2.9 2.8 3.8 3.0 
 
When an offset angle is introduced in the direction of the fibres, the horizontal length 
of the resin-rich zone H1 and fibre waviness zone H3 is reduced to on average H1 = 2.3Dh and 
H3 = 2.8Dh for all three offset angles. Other parameters of the microstructure remain similar 
to the 0 pins. When the offset angle is across the fibres, the vertical length V1 is increased to 
approximately V1 = 3.8Dv while other parameters remain unchanged. A summary of 
microstructure parameters is given in Table 16.   
6.3.2.   Effect of loading and support for a single pin along the fibres 
The results of the single pin specimens oriented along the fibre direction with varying 
pin offset angles are presented in Figure 90 and Table 17, where Figure 90 presents the 
traction load versus pull-out displacement results for each support condition, and Table 17 
summarises all results. Figure 92 shows computed tomography (CT) scans of the specimens 
after testing for the two setups, where images (a)-(d) are at the base of the pin cavity in the 
composite adherend, and images (e)-(f) show the entire pin and top of the metal adherend.  
All specimens exhibited pull-out failure mode as the length to diameter (L/D) aspect 
ratio was below the transition value of 3.5 established in Chapter Four (108). Good 
repeatability was seen across all results, with variance between 7% and 11% for maximum 
load and failure energy. 
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Table 17: Single pin specimens, pins along the fibres, experimental results 
Test 
setup 
 ()   
Pmax, N 
(COV) 
E, J  
(COV) 
E, J  
Normalised 
Failure mode 
Relaxed 
0 0 595 (7%) 438 (6%) 125 Pull-out 
10 0.17 650 (7%) 713 (5%) 201 Pull-out  
20 0.34 647 (6%) 819 (3%) 220 Pull-out + Spalling 
30 0.50 604 (2%) 846 (5%) 209 Pull-out + Spalling 
Fixed 
0 0 632 (3%) 555 (7%) 159 Pull-out 
10 0.17 663 (3%) 578 (3%) 163 Pull-out 
20 0.34 641 (1%) 616 (3%) 169 Pull-out + Spalling 
30 0.50 607 (7%) 568 (11%) 139 Pull-out + Spalling 
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Figure 90: Experimental results: Opening traction load vs crack opening displacement of 
single pin specimens, pins along the fibres, with (a) “relaxed” and (b) fixed test setups; Post-
test images of specimens and tabs, with (c) “relaxed” and (d) fixed test setups. 
 
For all tests the maximum load was relatively insensitive to test setup and presence of 
shear stresses, with only a small (10%) variation in the “relaxed” test setup with changing 
offset angle, and relatively constant maximum load when changing to the fixed setup or 
Page 134 
considering the fixed setup with increasing offset angle. All tests were in general 
characterised by two-stage load-displacement behaviour (Figure 90): (i) elastic behaviour up 
maximum load; (ii) gradual reduction in load until the pin was pulled completely out of the 
composite. 
For the pure pull-out specimens (0 pin) an exponential reduction in load was seen in 
both “relaxed” and fixed test setups. This is caused by the partially melted particles on the 
surface of the SLM pin. During pull-out these particles break off from the pin surface and 
subsequently reduce the friction coefficient for pull-out, resulting in an exponential load-
displacement curve as the friction forces dissipate with increasing pull-out. This type of 
behaviour and damage mechanism had been characterised in Chapter Four (108). Although 
the behaviour was similar across the two test setups, the fixed setup had an absorbed energy 
27% higher than the “relaxed” test setup in pure pull-out. 
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(a) (b) 
Figure 91: (a) Pull-out maximum load and (b) Pull-out energy vs. Mode mixity ratio when 
pin orientation is aligned with composite fibre direction 
 
As the mixed mode loading conditions were introduced with the use of non-zero pin 
angles, the load-displacement behaviour and the corresponding absorbed energy varied 
significantly between the two setups (see Figure 91). For the “relaxed” specimens, the 
descending branch of the load-displacement curve changed from exponential to linear. This 
produced a significant increase in total energy absorption even for small mixed mode ratio 
with 63%, 87% and 93% increases for the 10, 20 and 30 pins respectively. In contrast, the 
fixed specimens showed only a small variation in absorbed energy with increasing mode 
mixity, with 11% increase for the 20 pins and no change for the other pin angles. The load-
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displacement curve for these specimens showed two regions: an exponential region as in pure 
pull-out, and a plateau region at low loads.  
The difference in pull-out response between the two test setups is a result of the way 
the specimen responds to shear stresses, and the subsequent damage mechanisms. For the 
pins in pure pull-out, Figure 92a and Figure 92b show CT scans of the composite adherend 
after testing for the two boundary conditions, where the partially melted particles remaining 
in the pull-out cavity can be seen in both cases. For the “relaxed” test setup, the pin cavity 
diameter in pure pull-out was approximately 1.08 mm, which is very close to the diameter of 
the pin (1.05 mm) prior to bonding. In the case of the fixed setup in pure pull-out, the 
diameter of the pull-out cavity increased to approximately 1.25 mm. Cavity widening is 
caused by the small misalignment angle between pin axis and load axis as shown in Figure 
92a. Cavity widening absorbs additional energy and results in a notable 27% increase in 
absorbed energy for this boundary condition. In contrast, with the “relaxed” test setup, the 
adherends can adjust horizontally during pull-out to minimise energy absorption. 
  
(a)  (b) 
  
(c)  (d)  
  
(e) (f) 
Figure 92: CT scan cross-sections of single pin specimens, pins along fibres: Left images 
from “relaxed” test setup, right images from fixed setup. (a-b) 0 pin cavity; (c-d) 20 pin 
cavity; (e-f) 20 pin. 
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For the specimens with mixed mode loading, the difference in damage mechanism 
between the “relaxed” and fixed setups is more apparent, and the absorbed energy behaviour 
is quite different to the pure pull-out case. Figure 92c and Figure 92e show cross-sectional 
CT scans of the composite and the titanium adherend in the “relaxed” setup, and Figure 92d 
and Figure 92f show typical angle pin specimens in the fixed setup. In the “relaxed” setup, 
the main damage mechanism was resin crushing due to bearing stresses. This was 
accompanied by horizontal movement of the two adherends, as shown in Figure 90c. No 
visible plastic deformation was seen on the titanium pin. In contrast, for the fixed setup, no 
horizontal displacement was permissible or observed (see Figure 90d), and part of the 
composite adherend was crushed and spalled out during the pull-out process. Additionally, 
the pin was observed to be plastically deformed after being pulled out. So, despite being more 
restrained and experiencing obvious loss of material in the pin-contacting resin-rich area, the 
fixed setup only led to a small increase in absorbed energy with increasing mode mixity. In 
contrast, despite the adherends being allowed to displace and rotate, the damage mechanisms 
promoted in the “relaxed” setup absorbed a significantly higher amount of energy relative to 
the pure pull-out case. 
The damage mechanisms are illustrated schematically in Figure 93. Figure 93a and 
Figure 93b show the 0 pin and offset angle pin at maximum load, indicating the local shear 
stresses along the pin-composite interface from the tensile load and the local bearing stresses 
created by the shear stresses for the angled pins. For the “relaxed” setup (Figure 93c), the 
bearing stresses force the composite to displace horizontally, which keeps the pin in contact 
with the composite around the pin diameter. The increase in contact pressure also increases 
the friction that resists pin pull-out (sometimes referred to as “enhanced friction”). At low 
offset angles of 2 to 3 due to manufacturing constraints, the bearing stresses are small and 
the additional friction component contributes little to the failure energy. However, this 
contribution is more profound with increasing offset angle, which leads to higher maximum 
loads and absorbs more energy during the pull-out process for the 10 pin shown in Figure 
90. Further increasing the offset angle, the bearing stress becomes more prominent and forms 
a localised stress concentration region at the wedge created by the acute angle made between 
the pin and the resin pocket. As the resin crushes due to the bearing stresses, a majority of the 
crushed material remains in the pin cavity and in contact with the pin (see Figure 92c), thus 
the “enhanced friction” continues to resist pull-out throughout the process.  
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Figure 93: Stress state of the interface: at maximum load for (a) 0 pin and (b) angle pin; 
during pull-out process for the (c) “relaxed” and (d) fixed setups 
 
On the other hand, for the fixed joints, the bearing stresses crush the adjacent resin 
material to increase the pin cavity diameter and the pin pulls away from the cavity causing a 
loss of contact with approximately half of the pin cavity (see Figure 93d). The crushing 
damage is localised and concentrated at the wedge region, and the crushed region spalls out 
due to the lack of support from the loss of contact. This process continues until at large pull-
out displacements with a large spalled region the bearing stresses no longer crush the resin 
but instead the pin starts to bend and plastically deform. This is indicated by a change of 
gradient in the pull-out curve at large pull-out displacements, or the “plateau” region of the 
curve. The bent pin also causes resin crushing on the non-contact side of the pin cavity, as 
shown in Figure 93d, which was also observed experimentally. A steeper load drop is seen at 
the end of the pull-out curve as the deformed pin loses contact with the pin entirely, rather 
than a gradual end due to progressively reducing friction and crushing.  
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6.3.3.   Effect of loading and support for a single pin against the fibres 
Figure 94 shows the pull-out traction versus displacement curve for pins inserted 
across the fibres. The key features of the curves are recorded in Table 18. 
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Figure 94: Opening traction load vs crack opening displacement of single pin specimens, 
pins against the fibres, with (a) “relaxed”,  (b) fixed test setups, experimental results, (c) 
comparison of (c) maximum load and (d) pull-out energy 
 
Table 18: Single pin specimens, pins across fibres, experimental results 
Test setup  ()   
Pmax, N 
(COV) 
E, J (COV) 
Observed failure 
mode 
Relaxed 
20 0.34 699 (9%) 730 (3%) Pull-out + Crushing 
30 0.50 527 (2%) 259 (8%) Composite Fracture 
Fixed 
10 0.17 640 (2%) 610 (5%) Pull-out 
20* 0.34 631 (5%) 600 (6%) Pull-out + Crushing 
30* 0.50 579 (1%) 100 (19%) Composite Fracture 
*only 2 specimens tested 
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Good repeatability was seen across all configurations, with variance below 10% in 
maximum load and energy, except for the 30 pin specimen in the fixed setup where the 
variance in failure energy was 19%. In general, for small to moderate bearing stresses the 
pull-out behaviour was similar to pin insertion along the fibres. However, for the 30 pin with 
bearing stresses equal to shear stresses, fracture in the composite adherend was seen with a 
rapid loss of load once maximum load is reached as shown in Figure 94. Subsequently, the 
total absorbed energy is reduced significantly as shown in Figure 94d while maximum pull-
out load remains at the same level. 
  
(a) (b) 
Figure 95: CT scan cross-section of pins along fibres: (a) 20  pin, “relaxed” setup; (b) 20 
pin, fixed setup 
 
The insertion of the pin across the fibres means that the pin is in contact with fibres, 
which increases the stiffness of the pin cavity in comparison with the resin pocket cavity 
created for pins inserted along the fibres. This leads to differences in the damage 
mechanisms, which are shown in Figure 95. For the “relaxed” setup showing pull-out failure 
(20 pin), no visible crushing was seen due to the stiffer pin cavity (Figure 95a), which led to 
a small increase (8%) in maximum load as the contact area was not reduced by crushing, but 
conversely a small decrease (11%) in absorbed energy as crushing is an energy absorbing 
mechanism (refer to Figure 94c). For the fixed test setup, the stiffer pin cavity did not affect 
the spalling damage (Figure 95b), and the maximum load and absorbed energy were very 
similar to pins inserted along the fibres. For large bearing stresses (30 pins) in both test 
setups, the stiffer pin cavity increased the stress concentration in the composite causing 
composite fracture, which significantly reduced the absorbed energy by 69% and 82%, 
respectively, for the “relaxed” and fixed boundary condition (refer to Figure 94c, d)  
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6.3.4.   Mode I crack growth of unpinned and pinned hybrid joints 
Figure 96 shows results for load-displacement responses and R-curves (fracture 
toughness versus crack length) for all DCB specimen configurations. The overall adhesion 
response of unpinned and pinned configurations with small pins (D=0.5, L=2) at 0 pin angle 
has been characterised in detail in Chapter Four (108). The unpinned specimen has an initial 
fracture toughness of 0.2 kJ/m
2
 (resin-controlled) with an approximately 30 mm fully 
developed fibre bridging zone and a steady-state fracture toughness value of 1.0 kJ/m
2
.  
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Figure 96: DCB specimen results, experiment (solid lines) and numerical (dotted lines: 
“relaxed” setup; dashed lines: fixed setup). (a) Load-displacement. (b) R-curve of unpinned 
(D=0), pinned at 0 degree (D = 0.5 and D = 1.0), and (c) Load-displacement. (d) R-curve of 
pinned specimens at 10 degrees (D = 0.5) and pinned at 20 degrees (D=1.0) 
 
For all pinned configurations, the mechanisms during crack propagation involve a 
combination of resin fracture, fibre bridging, and pin bridging via pull-out processes, as 
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previously demonstrated for 0 pins (Chapter Four (108)). As the crack starts to initiate from 
the starter crack, the first row of pins acts to provide bridging traction. Under increasing 
opening displacement, the pins start debonding, allowing the crack to then propagate until it 
is temporarily arrested by the second row of pins. The crack growth is accompanied by 
gradual pin pull-out behind the crack front, which absorbs a significant amount of energy and 
results in increasing the mode I fracture toughness. This process repeats up to the third row of 
pins for small pin configurations and the fifth row of pins for large pin configurations (see 
Figure 97). At this point the maximum load is reached, and the bridging zone along the crack 
length is fully developed. Following this, steady-state crack growth with stick-slip behaviour 
is seen. The crack slips when a row of pins furthest away from the crack front is completely 
pulled out. This is usually reflected by a small drop in load, which is regained when the crack 
advances and arrests at the next row of pins. 
 
Figure 97: DCB specimen features and damage mechanisms 
 
The maximum load and steady-state fracture toughness (Gc,ss) values are summarised 
in Table 19, and show good repeatability with coefficients of variance below 6% for all tested 
configurations. Integrating small pins (D=0.5, L=2) at 0 offset angle increases the maximum 
load, fracture toughness at crack initiation and steady-state fracture toughness to 270%, 250% 
and 377% of the respective unpinned specimen values. In the case of the large pins (D=1, 
L=3.5), the initiation and steady-state fracture toughness value is increased by 200% and 
900%. The initiation fracture toughness for DCB specimens with large pins (D=1, L=3.5) 
appears to be less than small pins (D=0.5, L=2) and is due to the larger compliance 
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contributed by the increased thickness of the adherend arms (138). As the adherend thickness 
of the large pin specimens is much larger, comparison of the maximum loads is not feasible. 
Comparing the performance of the angled pins with 0 pins, the experimental results 
show that the effect of offset angle on crack growth responses is very subtle and the crack 
propagation process is identical to the 0 pins. Further, when the offset angle is set against the 
crack direction, negligible increase of 2% in steady-state fracture toughness and small 
reduction of 5% in maximum load is recorded for both small and large pins configuration. 
For the large pins (D=1, L=3.5) configuration, when the offset angle is set along the crack 
direction, both the maximum load and fracture toughness show a reduction of approximately 
9% and 5% (see Table 19) 
Table 19: DCB specimen results 
 
Experiment, (COV) 
Numerical, 
“relaxed” pull-out 
law 
 (% difference to 
experiment) 
Numerical fixed 
pull-out law 
 (% difference to 
experiment) 
 
Pmax [N] 
Gc,ss 
[kJ/m
2
] 
Pmax [N] 
Gc,ss 
[kJ/m
2
] 
Pmax [N] 
Gc,ss 
[kJ/m
2
] 
Unpinned 
126 
(0.4%) 
0.99 
(3.8%) 
136 
 (8%) 
0.97 
 (-3%) 
136  
(8%) 
0.97  
(-3%) 
D=0.5, 0 
349 
(3.6%) 
3.61 
(5.2%) 
335  
(-4%) 
3.71  
(3%) 
356 
 (2%) 
3.90 
 (7%) 
D=1.0, 0 
1600 
(1.5%) 
8.99 
(5.1%) 
1465 
 (-8%) 
7.12 
 (-21%) 
1585 
 (-1%) 
8.47 
 (-6%) 
D=0.5, 10,  
Against Crack 
331 
(2.0%) 
3.72 
(5.1%) 
437  
(32%) 
5.72 
(55%) 
338 
 (2%) 
3.76 
 (2%) 
D=1.0, 20, 
Against Crack 
1519 
(3.8%) 
9.04 
(4.0%) 
1882 
(24%) 
11.88 
(32%) 
1578 
 (4%) 
8.99 
 (-1%) 
D=1.0, 20 
Along Crack 
1455 
(1.3%) 
8.51 
(4.1%) 
1882 
(29%) 
11.88 
(40%) 
1578  
(8%) 
8.99 
 (6%) 
 
Figure 98 shows CT scans of the composite adherends for the DCB configuration 
after testing. In comparison with the single pin specimens in Figure 92, a key observation is 
that the behaviour of the pins in the DCB specimens correlates to behaviour for fixed support 
conditions. From Figure 98a, the 0 pins in the DCB specimens showed an increase in pin 
cavity diameter from 1.05 mm to 1.28 mm with a small loss of contact area at the root of the 
Page 143 
cavity. Similarly, from Figure 98b and Figure 98c, the angled pins set against and along the 
crack direction both showed spalling and loss of contact area in the wedge region. These 
damage mechanisms are characteristic of fixed support conditions seen in the single pin 
specimens subjected to additional bearing stress shown in Figure 92. The fact that the 0 pins 
DCB specimens have bearing damage characteristics, despite being perfectly straight, is 
speculated to be attributed to the inherent rotation of the adherend arm in a DCB test (139), 
which subjects the 0 pins to a degree of bearing stress during pull-out. Indicated in the single 
pin section, this “enhanced friction” phenomenon has a crushing effect on the interface 
resulting in a widened cavity and a small spalled area at the root as observed in Figure 98a. 
 
(a) 
 
(b) 
 
(c) 
Figure 98: CT scan cross-sections of DCB specimens: (a) 0 pin;  20 pin (b) against crack 
and (c) along crack path 
 
The experimental results show only a small to negligible difference in crack growth 
behaviour for varying pin alignment, with around 5% lower values of maximum load and 
fracture energy for pins aligned along the crack growth direction compared to alignment 
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against the crack growth direction. Experimental work from other researchers (72, 95) found 
significant changes to failure mode and energy absorption for ENF specimens under mode II 
loading. In those specimens, changing the pin alignment meant the axial component of the 
pin load was a compressive load for the case where the pin angle is against the shear load 
direction. Here, the axial pin load is tensile regardless of the pin alignment, and the overall 
pin conditions and load components are similar in both cases. Figure 98b and Figure 98c 
show CT scans from the two alignment methods, which shows that the damage mechanisms 
in the composite were very similar for both configurations. The larger spalled area shown in 
Figure 98b in the offset against crack direction specimen is also indicative of higher energy 
absorption in the pull-out process; which reflectd in a slightly higher fracture toughness. 
Figure 96 and Table 19 also show numerical analysis results, where two sets of results 
are presented as the nonlinear pin pull-out law (used in the spring elements) was taken from 
the single pin specimens for either the “relaxed” or fixed test setup. The numerical results for 
the 0.5 mm diameter pins were determined by scaling the pin pull-out law characterised for 
1.0 mm diameter pins, where the scalability of the pull-out laws has been demonstrated in 
Chapter 4 (108). The numerical analysis does not account for the pins being along or against 
the crack, so the same results are presented for both cases. The differences between the 
numerical and experimental results are also shown as a percentage of the experimental result. 
The comparison between experimental and numerical results is highly illustrative of 
the support condition in the DCB tests. The numerical results for the analyses that used the 
pin pull-out law from the single pin specimen with fixed support conditions resulted in 
significantly better correlation to the test results than the “relaxed” test setup. This is evident 
across all configurations of pins; the predictions using the fixed pull-out law are within 10% 
of all experimental results for load and fracture toughness. Furthermore, even though the 
differences are very small, the pull-out law from the single pin specimens correlates better 
with pin alignment against the crack direction. More broadly, the comparison between 
experimental and numerical results confirms the excellent predictive capabilities of the 
numerical analysis methodology. 
In Chapter Four (108), the “relaxed” test setup was used to characterise the pull-out 
performance of single pin specimens and predict the DCB mode I response with thin pins 
(D=0.5) only. As shown in this work, the differences between the two support conditions are 
negligible for the thinner pins, as the contribution of bearing stress becomes much smaller 
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due to the smaller bearing area between the pin and the composite. However, the difference is 
profound for the large pins (D=1.0, L=3.5) as the bearing area increases significantly, thus, 
the overall pull-out energy is enhanced considerably even at a small mixed mode ratio. For 
the multi-pin DCB configuration, fixed support during pin pull-out is proven to accurately 
predict the joint properties. However, in real joint structures, the typical support condition is 
likely to vary between “relaxed” and fixed, thus characterising pin behaviour under both 
conditions provides key insight into the range of possible performance.  
6.3.5.   Performance of pins with added features 
It is speculated that the effect of pin pull-out can be optimised further for the same pin 
density by integrating pin surface features. Experimental pull-out load-displacements results 
for the single pin specimens with pins using different geometry features (grooved, pyramid, 
helical) are presented in Figure 99 and summarised in Table 20. Results for the pin with no 
features were presented previously (as D=1.0, 0 pin, fixed setup) but are repeated here and 
labelled “c lindrical” for comparative purposes. Similar to the previous tests, the coefficient 
of variance is within 11% across all variables indicating high experimental repeatability. In 
Table 20 the single pin results are compared to the corresponding DCB steady-state fracture 
toughness, where for the cylindrical pin the experimental result was presented previously, and 
for the other pin types the following analytical equation is used (108) 
       
 
  
 Equation 17 
 
where Gpin is the contribution of the pins to the fracture toughness of the joint (as other 
mechanisms exist that also provide fracture toughness) and Vp is the volume fraction of pins 
in the joint. 
Table 20: Single pin specimens with geometry features, experimental results (Gc,ss values 
from corresponding DCB specimen) 
 
Pmax, N 
(COV) 
E, J (COV) Gc,ss (kJ/m
2
) 
Observed failure 
mode 
Cylindrical 632 (3%) 555 (7%) 8.99 Pull-out 
Grooved Surface 720 (3%) 886 (4%) 12.91* Pull-out  
Pyramid Tip 755 (5%) 729 (3%) 10.94* Composite Fracture 
Helical 760 (2%) 581 (11%) 9.27* Composite Fracture 
* calculated using Equation 17 
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In terms of single pin pull-out, cylindrical pins and grooved surface pins exhibited 
progressive pull-out while pins with pyramid tip and helical shape led to composite fracture 
as shown in Figure 99. Despite the difference in failure mode, all the pins studied had higher 
maximum load and pull-out energy than the original cylindrical pin as indicated in Table 20. 
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Figure 99:  Opening traction load vs crack opening displacement of single pin specimens, 0  
pin, fixed setup, varying pin geometry 
 
The pull-out response of the grooved pin was similar to the cylindrical pin, however, 
the behaviour following maximum load was more linear than exponential. The maximum 
load increased by 14%, and significantly the energy absorption increased by 60% as a result 
of the linear behaviour following maximum load. This increase in load-carrying capability is 
expected to be caused by the 30% increase in contact area for the pin-composite bond and 
mechanical interlocking from the surface features. This demonstrates that the use of pin 
features leads to a hierarchy of energy absorbing mechanisms at three different length scales: 
the pins, the surface features and the pin-composite bonding. 
For the pyramid tip and helical pin, cracking in the composite was seen and heard, 
which caused a reduction in slope of the load-displacement curve. Following this, there was a 
small increase in load, before further cracking led to rapid loss of load. For the pyramid pin 
the cracking was observed in the composite around the pin tip, and for the helical pin the 
cracking was midway along the pin. The maximum load of the pyramid and helical pins were 
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both around 20% higher than the cylindrical pin. In this respect, the use of geometry features 
increases the pin strength such that the composite adherend strength becomes the limiting 
factor for joint behaviour in both cases. In terms of energy, the helical pin absorbed a 
comparable amount of energy to the cylindrical pin, whilst the pyramid pin showed a 30% 
increase over the cylindrical pin. This correlates well with the reported increasing in joint 
strength and ductility for this type of failure mode (105). 
Translating the pull-out curve to Mode I crack fracture toughness, the grooved surface 
pin has the highest fracture toughness resistance of 12.9 kJ/m
2
, which is 13 times higher than 
the unpinned value (of 1.0 kJ/m
2
 (128)) as well as 30% higher than the cylindrical pin 
specimens. Similarly, fracture energies of 10.94 kJ/m
2
 and 9.27 kJ/m
2
 were predicted for the 
pyramid tip and helical pin; however, significant stick-slip crack response is expected due to 
the sudden load drop seen in the single pin specimens. The destructive composite damage 
mode and lower energy absorption (compared to the grooved surface) makes the pyramid tip 
or helical shape less favourable for use in industrial applications. 
6.4.   CHAPTER CONCLUSION 
An investigation into pull-out behaviour of pin-reinforced CFRP composite 
combining experimental and numerical procedure was conducted to characterise the pin pull-
out response under variations in support conditions, mixed mode ratio, pin alignment and pin 
geometry. Mixed mode loading ratios from 0 to 0.5 were generated through the use of offset 
pin angles from 0
o
 to 30
o
. When the pins are oriented with the fibre direction, significant 
difference in pin pull-out response was shown between a fixed and self-aligning ““relaxed”” 
test setup. Generally, the “relaxed” support condition was characterised by higher pull-out 
energies as compared to the fixed support. In addition, horizontal displacement between the 
titanium and the composite adherends was observed and the pin remained in contact with the 
composite throughout the pull-out process. On the other hand, the fixed support specimens 
showed loss of contact with a large spalled area due to the effect of bearing stress. 
Furthermore, pull-out energies increased with increasing mixed mode ratio under “relaxed” 
conditions but instead remained similar for the fixed support. When the pins are oriented 
across the fibres, similar pull-out behaviour was seen up to 20 for both test conditions, above 
which the bearing pressure exceeded the composite strength leading to catastrophic failure 
and sudden loss in load-carrying capability of the joint.  
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By correlating pin behaviour in single pin and multi-pin joints, it was shown that the 
pin support condition in the DCB configuration corresponds to the situation with fixed 
adherends. This was seen by correlation in the damage mode and also through the use of 
numerical analysis. In addition, the mixed mode loading effect is relatively subtle in the DCB 
configurations with similar crack propagation responses and energies compared to the 0
o
 pins 
at different mixed mode ratio and pin size. Furthermore, the joint properties are not 
influenced by the direction of pin offset angle with respect to the crack direction. Finally, by 
introducing surface features onto the surface of the pins, a three level hierarchical adhesion 
system is produced to substantially enhance the joint performance. Grooved surface features 
produced a 60% increase in fracture toughness relative to cylindrical pins with no features, 
and a progressive pull-out failure mode was maintained. Pins with a pyramid tip and helical 
shape showed a 20% increase in maximum load but failure in the composite instead of pin 
pull-out, and the pyramid pins produced a 30% increase in fracture toughness compared to 
cylindrical pins.  
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CHAPTER 7.     HIGH FIDELITY MODEL OF PIN PULL-OUT 
BEHAVIOUR FOR HYBRID METAL-COMPOSITE JOINTS 
WITH INTEGRATED REINFORCEMENTS 
 
7.1.   CHAPTER SUMMARY 
Pin-reinforced hybrid joints exhibit remarkable energy absorption through the pin 
pull-out process, however, experimental results suggest that the pin transition L/D aspect ratio 
that promotes pin pull-out failure mode may vary for shear-dominated loading conditions due 
to pin deformation under contact with surrounding material. This knowledge is currently 
missing, and is critical for the development of pinned hybrid joints. Experimental procedure 
for this study is extensive and no current available analytical model is capable of capturing 
the complex damage mechanisms of the pin pull out process. In addition, available numerical 
models of z-pin reinforced composite lack predictive capability in term of multiple 
concurrent damage, and is not representative for this material system due to differences in 
constituent materials and interface properties. Thus, a new numerical model with broader and 
precise predictive capability is much needed. In this chapter, a high fidelity numerical model 
is developed to closely follow the microstructure of the pinned specimen and capture the 
critical damage behaviour exhibit in a complex multi-material structure. The pin/composite 
interface is simulated with an exponential cohesive interaction law coupled with a global 
Coulumb friction/pressure contact. The modelling methodology is verified closely with 
experimental data in terms of loads and damage mechanisms for several pin geometries and 
loading conditions. Results from parametric study were used to map out the effect of pins 
geometry on failure mode under the full range of mode mix loading ratio. The map indicates 
that pin failure mode varies significantly under shear dominated loading and the critical L/D 
aspect ratio reduces gradually with increasing mode mix ratio. This study completes the body 
of knowledge on pin behaviour that is critical for the design of pinned reinforced hybrid joint. 
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7.2.   INTRODUCTION 
Chapter Four and Chapter Five of this thesis characterised the response of single pin-
reinforced hybrid joint focusing on pin interface properties with respect to pin L/D aspect 
ratio and mode mixity loading ratio. Critically, Chapter Four established the L/D aspect ratio 
to promote pull-out under pure Mode I (tensile) loading; and Chapter Five determined the pin 
support conditions and pin pull-out behaviour under mode mixity loading range from 0 to 0.5 
ratio. However, the knowledge on pin pull-out behaviour under the full range of mode mixity 
loading ratio had not been determined. Also, it is speculated that the pin critical L/D aspect 
ratio to achieve pin pull-out failure mode is affected as pin plastic deformation post pull-out 
was observed to increase with increasing mode mixity ratio. Although this knowledge is 
currently missing, the experimental procedure involved for the study is extensive in terms of 
timing and costs. Further, while the developed analytical model in Chapter Four can 
accurately predict the pin pull-out response under Mode I loading, its capability is limited 
under mode mix loading conditions due to the complex damage mechanisms and the 
continuously changing boundary conditions at the interface during the pin pull-out process. In 
addition, the current available numerical models on related pin-reinforced composites are not 
representative for the studied material system in terms of damage behaviour, microstructure 
and interface properties. Thus, a new numerical model with high predictive capability that 
can simulate the behaviour of this joint system is much needed.  
In this chapter, a high fidelity single pin hybrid joint model is generated based on the 
microstructure of the composite characterised in Chapter Four. Modelling parameters such as 
specimen definition, meshing scheme, boundary conditions, damage models and interface 
properties are presented in detail. Previously characterised interface properties of the 0
o
 pin 
(small pin (D=0.5, L=2.0) and large pin (D=1.0, L=3.5)) and 20
o
 offset angle pin (large pin 
(D=1.0, L=3.5)) are used for the calibration of interface parameters, load response and 
damage profile. The validated model is extended to investigate the pin pull-out behaviour of 
large pin (D=1.0 mm) specimens with varying length from 1.0 mm to 6.5 mm at a step of 0.5 
mm under the full range of mode mix loading ratio. The results are used to map the 
relationship between L/D aspect ratio with mode mix ratio in term of pin failure mode to 
define the transition L/D aspect ratio for all loading conditions. This map offers a major 
advance to the development of pin-reinforced hybrid joints. Furthermore, together with the 
models at structural scale level and the multi-scale modelling methodology developed in 
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Chapter Three to Chapter Five, this high precision numerical model completes the final 
objective of this PhD thesis.  
7.3.   MODELLING METHODOLOGY 
7.3.1.   Specimen definition 
The specimen definition used in this work is taken directly from the single pin 
experimental studies conducted in Chapter Four and Chapter Five to characterise the pull-out 
performance and mode mix response of a single pin specimen (see Figure 64 and Figure 86). 
The manufacturing process of the specimens is presented in detail in sections 4.5.1 and 5.4.1. 
Typical in-plane microstructure of the specimen is summarised in Figure 100 showing 
distortion in composite microstructure with local fibre waviness around the pin, fibre 
breakage and a resin rich region. The relationship between each microstructure parameter has 
been characterised and presented in Figure 71 and Table 16 in Chapter Four and Chapter Five 
for 0
o
 pins and offset angled pins, respectively.  
 
 
 
 
Figure 100: Typical in-plane cross-section of pull-out specimen with modelling assumptions 
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Two different pin diameters were investigated: small pin (D = 0.5 mm) and large pin 
(D = 1.0 mm). Due to an inherent dimensional defect of the SLM manufacturing process 
caused by the attachment of partially melted particles, the circular cross-section of the small 
pin (D = 0.5 mm) became elliptical with D1 = 0.55 mm and D2= 0.67 mm, while the large pin 
(D = 1.0 mm) was largely unaffected with an increase in diameter from D = 1.0 mm to D = 
1.05 mm. The pin cross-sectional area and circumference from the ellipse of best fit was 
included in the modelling scheme. The analysis matrix is indicated in Table 21. Both 0
o
 small 
(D = 0.5 mm) and large (D = 1.0 mm) pins are used for the calibration of interface cohesive 
parameters. The pull-out traction loads vs displacement results are used to validate the 
interface cohesive law. In addition, the large (D = 1.0 mm) 20
o
 offset angle pin is used to 
calibrate the contact friction coefficient in the presence of bearing pressure. Finally, both 
cohesive and friction interaction parameters are applied to analyse the effect of pin offset 
angle and characterise the pull-out response under the full range of mode mix loading ratio 
for a range of pins geometries. 
Table 21: Numerical analysis matrix 
Analysis 
Type 
L 
[mm] 
D 
[mm] 
( )  
[Degree] 
Calibration 
parameters 
Output 
Calibration 
3.5 1.00 0 
Cohesive exponential 
law 
 
2.0 0.50 0 
Cohesive exponential 
law 
 
3.5 1.00 20 
Contact Friction 
Coefficient 
 
Geometrical 
behaviour 
3.5 1.00 10 -- 
Load vs displacement 
response 
3.5 1.00 30 -- 
Pull-out process and 
damage behaviour 
Mode mix 
loading 
0.5 
- 
6.5 
1.0 
0 
- 
90 
-- 
Mode mix loading 
response 
-- 
Aspect ratio spectrum 
Failure mode map 
 
7.3.2.   Meshing scheme and interface modelling 
The overall assumption of the geometry is illustrated in Figure 100. The in-plane 
dimension of the FE model is 10 mm × 10 mm (similar to the single pin experimental 
specimen), which comprises of the composite laminate and the titanium pin. The cross-
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section of the composite laminate was developed to closely follow the specimen 
microstructure architecture that consists of a resin-rich zone and localised fibre waviness 
around the pin. The distance    and  , and    and    are assumed to be the horizontal and 
vertical boundaries of the fibre waviness region (see Figure 100). A cubic function was 
assumed to generate the geometry of the fibre waviness, which is proportional to the diameter 
of the pins. The waviness is also assumed to reduce linearly from a maximum around the pin 
to be perfectly smooth and without waviness at the vertical distance    and   . Further, the 
resin rich region is assumed to run thru the through-thickness direction of the specimen and is 
also assumed to include the in-plane fibre breakage and the through-thickness fibre crimp. 
Finally, the pin is modelled according to the modified cross-section and the pin fillet at the 
root is also included. The tip of the pin is assumed to not carry any load, thus only the pin 
effective length of the pin was modelled.  
 
 
 
 
 
Figure 101: In-plane cross-sectional meshing scheme with composite fibre orientation 
 
Figure 101 shows a typical in-plane mesh of the FE model and highlights the 
specimen microstructure and the composite fibre orientation around the pin. Figure 102 
indicates the through-thickness direction mesh of a 20
o
 offset angle pin showing the resin-
rich region and pin fillet. In this model, the composite plies are meshed with a continuum 
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shell elements (SC8R), while resin rich region and titanium pin are meshed with solid 
elements (C3D6 & C3D8). Typical element length of the composite plies, resin-rich and 
titanium pin section is 0.1 mm, 0.15 mm and 0.05 mm, respectively. The total height of the 
pin-reinforced model is equivalent to the pin length. The through-thickness dimensions of all 
elements are kept at 0.05mm consistently. A mesh sensitivity study was conducted with 0.025 
mm through-thickness element length and the results in terms of stress, damage and load 
response remained unchanged. The top and bottom face of the specimens are coupled in all 
D.O.F with a reference node and are loaded using displacement control.  
                             
Figure 102: Through-thickness cross-sectional meshing scheme indicating tied constraints 
between composite/resin and cohesive and friction interaction at titanium/resin  
 
There are three individual parts in this model including CFRP composite, resin rich 
zone and the titanium pin. These parts are separated; however, the nodal locations at the 
interface of each part are coincident and are connected by different type of constraints. The 
faces of the CFRP composite and the resin rich zone are connected together with tied 
constraint in all degrees of “relaxed”dom. The interface between the resin rich zone and the 
titanium pin has a cohesive contact interaction coupled with Coulomb friction/contact 
pressure relationship to represent the interface properties between the two parts indicated in 
Figure 102. The modelling methodology of the interface is indicated in Figure 103 showing a 
close-up view of a typical mesh in an exploded state at the interface region. The cohesive 
interaction law at the titanium/resin interface, shown as C2 in Figure 103, captures the basic 
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interface properties. Additionally, a global contact definition of Coulomb friction/pressure 
relationship, shown as F in Figure 103, is set between all parts to capture the bearing effect 
should the titanium pin come into physical contact with the remaining parts. The relation 
between friction coefficient and bearing effect is analysed and calibrated in Section 6.4. 
Furthermore, in this methodology, the resin-rich zone is made up of several smaller parts and 
each part is connected with a different cohesive interaction using the properties of a typical 
epoxy resin (shown as C1 in Figure 103). This was necessary to simulate the crushing and 
spalling of the resin during mode mix loading. Other modelling method was trialled using 
element deletion and internal generated surface when the pin comes into contact and crushes 
the surrounding resin elements, however, the results give unrealistic and inaccurate 
representative of bearing and spalling effect. A half model is used for the analysis of all cases 
with symmetry in the y-axis.  
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Figure 103: Modelling methodology showing contact definition at the titanium/resin and 
resin/resin interface with C: Cohesive Contact and F: Coulomb Friction Contact 
 
7.3.3.   Damage, contact and material properties 
7.3.3.1.   Titanium and resin ductile damage 
To capture the pin plastic deformation and failure behaviour, the elastic-plastic 
material properties of SLM Ti-6Al-4V were applied with the Abaqus built-in ductile damage 
model (140). The plastic hardening behaviour is defined by the power law in Equation 18. 
               
     Equation 18 
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The onset of damage is determined by a metallic ductile criterion developed based on 
a phenomenological model of nucleation, growth, and coalescence of voids (141). In this 
criterion, the plastic strain (   ) is defined as a function of stress triaxility ( ) (see Equation 
19), which is a dimensionless parameter defined by the ratio of hydrostatic pressure stress ( ) 
(see Equation 20) and equivalent Mises stress ( ) (see Equation 21) 
   
 
 
 Equation 19 
 
Where, 
   
 
 
(        ) Equation 20 
 
  √
 
 
(     )  (     )   (     )  Equation 21 
 
      and    are the three principal stress. Equation 22 defines the relationship between 
failure strains as a fracture locus relative to stress triaxiality of conventional Ti-6Al-4V 
material which was first established by Giglio et al. (142) and later calibrated for SLM Ti-
6Al-4V by Ullah et. al  (22) 
     
  
    
     
 
 
     Shear Failure 
Equation 22                    Mixed Mode Failure 
      
(    )      Ductile Failure 
 
Table 22: Constant used to define relationship between failure strain and stress triaxiality 
Constants D1 D2 D3 D4 D5 D6 D7 ηT 
Ti-6AL-4V Billet (142) 0.164 0.292 1.376 -0.052 0.461 1.89 1.853 0.49 
Ti-6AL-4V SLM (22) 0.1 0.1 1.3 -0.03 0.2 1.15 2.0 0.458 
 
In Equation 22,    is the transition point between mixed mode failure and ductile 
failure stress triaxility, and is indicated in the fracture locus shown in Figure 104a. The 
constants    to    of both conventional and SLM Ti-6Al-4V material are recorded in Table 
22. Once the onset of damage is reached, the evolution of damage is characterised by the 
continuous exponential degradation of stiffness indicated by Equation 23. 
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  (
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Equation 23 
 
In Equation 23, D is the damage variable used to define the degradation state of an 
element which is 0 when D is 1. The effective plastic failure displacement     is defined by 
the multiplication of the total strain at failure (0.101) and typical element characteristic length 
of the titanium part. It was found that a plastic displacement at failure of 0.0018 mm and an 
exponent parameter of     were able to capture the overall plastic deformation and failure 
of a tensile specimen accurately, which is shown in Figure 104b.  
  
(a) (b) 
Figure 104: (a) Failure strain for Ti-6AL-4V with varying stress triaxiality; (b) correlation between 
FE and experimental data
 (22)
 
 
 It is also assumed that the resin failure also exhibits a ductile failure mode and the 
same calibrating process to determine the true plastic properties and damage process of resins. 
The true plastic stress vs strain relationship is defined by Equation 24. In addition, the same 
calibrated stress triaxiality curve for titanium is used for the resin material, however, the 
strain failure point of resin under tensile mode is now calibrated to be 0.85. The stress vs 
strain curve is indicated in Figure 105 and is compared to the typical material property of 
bulk resins, which exhibit an elastic-plastic property with a total failure strain of 
approximately 0.38 in experimental data from (143).  
          
      Equation 24 
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(a) (b) 
Figure 105: (a) Stress triaxiality curve of bulk resin; (b) Correlation between FE and elastic-
plastic property of bulk resin epoxy 
 
7.3.3.2.   Composite damage 
The Abaqus progressive damage model for fibre-reinforced composite materials (140) 
was applied to the ply elements to capture in-plane ply failure modes. In this damage model, 
damage is categorised into four modes, for fibre (f) and matrix (m) failure in tension (t) and 
compression (c). The onset of damage is detected using the following criteria: 
Fibre tension failure ( ̂    ) 
    (
 ̂  
  
)
 
  (
 ̂  
  
)
 
   Equation 25 
 
Fibre compression failure ( ̂    ) 
    (
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   Equation 26 
 
Matrix tension failure ( ̂    ) 
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Matrix compression failure ( ̂    ) 
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Once damage is detected, the stiffness of the ply is gradually reduced to zero. The 
reduction of the stiffness properties is controlled by the area under the stress-displacement 
curve, as shown in Figure 106. This area is the critical strain energy release rate or “fracture 
energ ” (Gc) for that mode, so that there are four fracture energies required in total. The 
stiffness reduction depends on the damage mode, where matrix failure triggers reductions in 
only stiffness values in the transverse (2) direction, whereas fibre failure triggers reduction in 
all stiffness properties. For uniaxial deformation, the softening behaviour of this formulation 
results in a linear evolution law. The material properties of VTM264 composite and the 
fracture toughness are indicated in Table 23. 
 
Figure 106: Traction-separation law to control property degradation 
 
Table 23: Material properties of VTM264(112) , Epoxy Resin and Ti-6Al-4V (110) 
VTM264  VTM264 Epoxy Resin Ti-6Al-4V 
E11 (MPa) 120000
 
XT (MPa) 2459 E (MPa) 3900 E (MPa) 110000 
E22 (MPa) 7500 XC (MPa) 1150 ν 0.37 G (MPa) 42500 
E33 (MPa) 7500 YT (MPa) 45   ν 0.32 
G12 (MPa) 3900 YC (MPa) 200     
G13 (MPa) 3900 S12 (MPa) 85     
G23 (MPa) 2300 S13 (MPa) 85     
ν12 0.32 S23 (MPa) 85     
tply (mm) 0.21 Gft (kJ/m
2
) 100     
  Gfc (kJ/m
2
) 25     
  Gmt (kJ/m
2
) 0.46     
  Gmc (kJ/m
2
) 1.6     
 
7.3.3.3.   Interface contact definition 
The interface between the resin and titanium parts was observed experimentally to 
have an exponentially deteriorating property with increasing pin pull-out displacement. In 
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this analysis, the interface is represented with an exponential cohesive interaction law 
determined by the penalty stiffness  , maximum traction   , opening displacement    and 
exponent α. The traction value is 49 Mpa, which was determined experimentally in Chapter 4, 
while the opening displacement is set equivalent to the pin length. The exponent α is 
calibrated to be 4.5 and a penalty stiffness of 10
6
 MPa was used for all models. All details 
regarding the resin/titanium interface is recorded in Table 24. The cohesive properties used to 
simulate spalling behaviour between elements in the resin rich zone (refer to Figure 103) are 
assumed to be equivalent to that of bulk epoxy resin. The strength of the material is taken 
from the study of Fard et al. (143) and the fracture toughness is taken from experimental 
study of Araki et al. (144) as indicated in Table 24.  
Table 24: Cohesive contact parameters used for resin/titanium and resin/resin interfaces 
Cohesive parameters 
Interface Interaction Pair 
Resin/Titanium Resin/Resin 
Strength     (MPa) 49
(1)
 80
(3) 
Strength     (MPa) 49
(1)
 80
(3)
 
Fracture toughness     (J/m
2
) - 1.1
(3)
 
Fracture toughness      (J/m
2
) - 1.5
(3)
 
Fracture toughness       (J/m
2
) - 1.5
(3)
 
Opening Displacement  (mm) Pin length - 
Exponential alpha   4.5(2) - 
Penalty Stiffness Kn (MPa) 1,000,000
(3)
 1,000,000
(3)
 
Power law coefficient  1.21
(3)
 1.21
(3)
 
(1) Calculated from experimental data; (2) Calibrated to fit with experimental data; (3) based on literature data(31) 
 
All numerical models were solved using Abaqus Explicit 6.14 with a time period of 
0.05 s. Automatic mass scaling was used to scale the stable time increment of the model from 
typically 1×10
-9
 to 1×10
-8
 with minimal dynamic effects. For the pull-out analysis, the 
applied displacement is set to be equivalent to the length of the pin with Smooth Step 
amplitude to promote quasi-static loading condition. The typical run time of each analysis on 
an Intel i7 processor is 1.5 hours. 
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7.4.   RESULTS AND DISCUSSION 
7.4.1.   Interface parameters calibration 
The cohesive interaction parameters are applied on the 0
o
 pin of different sizes i.e. 
small (L=2.0, D=0.5) and large (L=3.5, D=1.0) pin, and the load vs displacement results are 
compared to the experimental data as shown in Figure 107a and Table 25. It is evidenced that 
the calibrated strength value of 49 MPa gives good correlation in maximum load (within 9%) 
between FE and the experimental data for both pin sizes. In addition, the exponential 
degradation law defined by the pin length and an exponent coefficient of 4.5 captures well the 
deteriorating interface properties with increasing pull-out length seen in experiment. In terms 
of pull-out energy, the predicted values are within 5% of the average experimental data for 
both cases (see Table 25). The close correlation indicates that the pull-out bridging law of all 
pin sizes can be predicted numerically with high precision under pure tensile loading. 
Subsequently, these laws can be used directly to determine the crack growth response of the 
joint in a DCB configuration with high accuracy using the multi-scale modelling procedure 
developed in Chapter Four and Chapter Five. 
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(a) (b) 
Figure 107: Parameter calibration for (a) interface cohesive interaction law of the 0
o
 pin 
and; (b) friction coefficient for bearing effect of the 20
o
 pin 
 
Using the calibrated cohesive parameters, a 20
o
 pin model loaded at 0
o
 is analysed 
with varying the friction coefficient from 0.1 to 0.9 and the results are indicated in Figure 
107b and Table 25. It should be noted that, the plotted Opening Traction Load is the global 
reaction load in the Z direction which is at 20
o
 with respect to the pin axis; while the Opening 
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Displacement is the vertical displacement measured between the composite and the titanium 
component during the pull-out process. This is similar to the results obtained from the 
experimental test set-up. In general, Figure 107b indicates that the pull-out response using 
friction coefficient values between 0.1 to 0.3 exhibit exponential decay with increasing pull-
out length; while the response using the values between 0.5 to 0.9 show two-part behaviour: 
(1) gradual decay and (2) plateau, which agrees well with what was seen in seen in 
experimental data. Furthermore, the values recorded in Table 25 show that the predicted 
maximum load agrees well with the experimental data for all friction coefficients (within 2%). 
However, the total pull-out energy is under-predicted by 14% with a friction coefficient value 
of 0.1 and is over-predicted by approximately 25% with values above 0.5. The values of 0.3 
and 0.5 offer the closest correlation with the experimental pull-out energy (within 13%).  
Table 25: Pull-out results of 0
o
 and 20
o
 offset angle pin with calibrated cohesive interaction 
law and friction coefficient.  
L [mm] D [mm] 
( )  
[Degree] 
µ 
Max load (N) Pull-out Energy (J) 
EXP FE 
EXP, FE % 
Difference 
EXP FE 
EXP, FE % 
Difference 
2 0.5 0 -- 189 196 4% 100 98 -2% 
3.5 1 0 -- 567 620 9% 433 453 5% 
3.5 1 20 0.1 641 630 -2% 616 532 -14% 
3.5 1 20 0.3 641 630 -2% 616 642 4% 
3.5 1 20 0.5 641 630 -2% 616 693 13% 
3.5 1 20 0.7 641 630 -2% 616 765 24% 
3.5 1 20 0.9 641 630 -2% 616 777 26% 
 
In terms of cavity damage post pull-out, it was found that numerical prediction of the 
20
o
 offset angle pin using 0.5 friction coefficient value correlate best with the CT scan cross-
section of experimental specimens as indicated in Figure 108. The overall trend of resin 
crushing and spalling out is well captured. In particular, the area at the wedge made between 
the pin and the composite section that is completely spalled post pull-out is well predicted. 
Furthermore, the location at which the occurrence of spalling appears to be visible, which is 
two third of the pull-out length, also compared well between the numerical prediction and 
experimental result. The agreement with experimental data in terms of load response and 
damage mechanisms post pull-out indicates that the presented modelling scheme and 
calibrated interface parameters are effective at predicting the overall pull-out response of a 
single pin metal-composite hybrid joint. Therefore, the model can be reliably extended to 
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study in detail pin behaviour under varying mode mix loading to gain are more complete 
understanding of the pull-out process, which was not possible to observe and quantify in 
previously experimental chapters. The interaction exponential cohesive law and a friction 
coefficient value of 0.5 are chosen for all analyses for the remainder of this Chapter. 
 
(a) 
 
(b) 
Figure 108: Pin cavity cross-section post pull-out of the 20
o
 pin (a) CT scan and (b) FE 
analysis showing resin plastic strain and spalling phenomenon 
 
7.4.2.   Analysis of offset angle pin 
Figure 109 and Table 26 compare the pull-out load vs displacement response of the 
large pin (L=3.5, D=1.0) with a 10
o
, 20
o
 and 30
o
 offset angle between numerical prediction 
and experimental results. In general, the overall trend of pull-out response for all offset angle 
pin models is predicted with reasonable accuracy in terms of maximum load (4% difference 
in average), total pull-out energy (15% difference in average) and the increasing trends of 
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these values with increasing mode mix loading ratio. Furthermore, while distinct two-part 
behaviour is shown in the pin pull-out response for the 20
o
 and 30
o
 pins, the 10
0
 pin shows a 
more exponential decay, relatively, which is directly influenced by the pull-out damage. The 
damage processes of the 20
o
 offset angle pin model shown are in Figure 110 and are further 
correlated with the load response curve in Figure 109c as an example to illustrate the overall 
damage sequence occurring for pinned specimens under mode mix loading.  
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(c) 
Figure 109: Pull-out response comparison of offset angle pins between experimental data 
(dotted lines) and numerical results (solid lines) using 0.5 friction coefficient for (a) 10
o
 pin; 
(b) 30
o
 pin and (c) 20
o
 pin showing damage processes  
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Table 26: Comparison of experimental and FE predicted pull-out results of offset angle pins 
L [mm] D [mm] 
( )  
[Degree] 
µ 
Max load (N) Pull-out Energy (J) 
EXP FE 
EXP, FE % 
Difference 
EXP FE 
EXP, FE % 
Difference 
3.5 1 10 0.5 663 624 -6% 578 562 -3% 
3.5 1 20 0.5 641 630 -2% 616 693 13% 
3.5 1 30 0.5 607 637 5% 568 734 29% 
 
  
(a) (b) 
  
(c) (d) 
Figure 110: Von Mises stress (in MPa), showing damage mechanisms throughout the pin 
pull-out process (a) Elastic Slip; (b) Pull-out and bearing against resin; (c) Resin spalling 
and pin bending; (d) Complete pull-out 
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Four distinct regions can be observed when associating the elements state and stresses 
with the load responses. In the first region, namely, the elastic slip region, the pin is pulled 
out with no permanent/visible interface damage as shown in Figure 110a. Following this, the 
pin is pulled out progressively while bearing against the resin rich region. Under continued 
pulling out, the pin further bears against the resin and the contact pressure stress between the 
pin and the resin continually increases (Figure 110b). This process produces crushing of the 
resin and plastic deformation of the pin. When the contact pressure reaches approximately 
250 MPa, the resin is completely crushed and gets spalled out to accommodate the pull-out 
process of the pin (Figure 110c). The plastic strain at which the elements within the resin rich 
zone is deleted is approximately 0.8 (see Figure 108b). Once spalling occurs, the pin comes 
into contact with a new set of elements in the resin rich zone and the process is repeated with 
pin bending and resin crushing. This phenomenon correlates with the plateau region in the 
pull-out curve occurring at approximately 100 N and 1.75 mm pull-out length as shown in 
Figure 109c. Finally, the pin is completely pulled out when there is no longer any contact 
between the pin and the resin (see Figure 110d). 
   
(a) (b) (c) 
Figure 111: Plastic strain at complete pull-out of offset angle pin; (a) 10
o
; (b) 20
o
 and (c) 30
o 
 
The damage process of the 10
o
 and 30
o
 model has similar behaviour and the damage 
area of the cavity is more prominent with increasing mode mixity loading. For the 10
o
 pin 
model, little spalling damage and pin bending occurred and thus no visible plateau region is 
seen in Figure 109a. Evidently, the pin plastic strain of the 10
o
 pin post pull-out is less 
compared to the 20
o
 pin model (see Figure 111). Conversely, these damage mechanisms are 
more severe for the 30
o
 pin as bearing stress increase; this is reflected with higher loads of the 
plateau region indicated within the pull-out load vs displacement curve in Figure 109b. 
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Furthermore, it should be noted that the pull-out energy of the 30
o
 pin model is over-
predicted by 29% when compared to the average experimental values. This is because, 
experimentally, the wedge region made between the pin and composite is spalled out by 
bearing pressure before the maximum shear strength of the interface is reached. This process 
was not captured numerically with the current modelling techniques and an extremely fine 
mesh is required to reach such state of accuracy. Nevertheless, all aspects of the pull-out 
process are well-predicted 
7.4.3.   Validation of mode mixity experimental method 
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Figure 112: (a) Traction law at 20
o
 mode mix angle breakdown into (a) tensile opening 
component and (b) shear opening component 
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To validate the experimental test method of mimicking mode mix loading through the 
use of an offset angle pin, a 0
o
 pin (D=1.0, L=3.5) is loaded at 20
o
 angle and the results are 
compared with the 20
o
 offset angle loaded at 0
o
 as shown in Figure 112a. It should be noted 
that the plotted Traction Load and Crack Opening Displacement of the 0
o
 loaded at 20
o
 model 
is the combination of the tension (Z direction in Figure 112b) and shear (X direction in Figure 
112c so that the measuring load axis is at 20
o
 with respect to the pin axis. The overall load 
response indicates that the two models are comparable for all the key features including 
progressive pin pull-out region, resin spalling and pin bending region with plateau loads 
shown in Figure 112a. Further, both models compare well with the experimental data.  
 
Figure 113: Pull-out damage mechanism of the 0
o 
specimen loaded at 20
o
 
 
In terms of cavity damage profile, the occurrence of resin spalling (see Figure 113) is 
approximately two third of the cavity length which is similar to that of the 20
o
 pin loaded at 
0
o
 model. In addition, the spalling damage area, loss of contact area and pin bending resulting 
from the pin bearing process is also comparable between the two models. It should be 
mentioned that towards complete pull-out, the elements within the resin rich region are highly 
distorted under contact bearing pressure thus often lead to numerical instability causing the 
analysis to abort. However, in general, the numerical procedure is overall stable and the 
similarities in both damage mechanism and load response between the results of the two 
numerical models confirm the applicability of the previous experimental test method used to 
characterise pin pull-out under mode mix loads. 
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7.4.4.   Effective aspect ratio for pull-out under mode mix loading 
To gain full understanding on the effect of mode mix response on pin pull-out 
behaviour, the 0
o
 pin with L/D aspect ratio of 3.5 is loaded under the full range of mode 
mixity ratio. The pull-out results are presented in Figure 114 and the respective failure mode 
is illustrated in Figure 115. For presentation purpose, only the results of mode mix range 
from 0.5 to 0.94 (30
o 
- 70
o
 loading angle) is presented in Figure 114 and Figure 115 to 
illustrate the differences in pin failure mode and energy absorption with increasing mode 
mixity (refer to Figure 109 for mode mix responses from 0 to 0.34). 
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Figure 114: Pull-out response of 0 pin under mode mix loading 
 
In general, the pin is pulled out completely with increasing mode mix loading ratio 
from 0 to 0.64 with typical resin spalling and pin bending mechanisms (see Figure 115a). 
This pin pull-out behaviour is also reflected in the load response curve with typical two stage 
behaviour beyond the elastic slip as seen in Figure 114. Further increasing the mode mix ratio 
to 0.77, the pin continues to be pulled out to approximately half of the total pin length; 
however, once plastic deformation of the pin exceeds the pin strength, fracture occurs 
typically at the root of the pin (see Figure 115b). This pin fracture following pull-out 
behaviour is indicated by sudden load drops during the pull-out phase of the load responses. 
The pin pull-out length reduces to one third and one tenth of its length before fracture with 
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increasing mode mix ratio 0.87 and 0.94, respectively (see Figure 115b and Figure 115c). No 
pull-out is seen for the 0.98 and 1.00 mode mix ratio.   
  
(a) (b) 
  
(c) (d) 
Figure 115: Von Mises stress in MPa showing pull-out damage modes of pins under mode 
mix loading at (a) 40; (b) 50; (c) 60 and (d) 70 
 
The pull-out results in Figure 114 are further broken down into tensile (Z direction) 
and shear (X direction) component, and the maximum load, pull-out energy as well as pin 
failure mode is summarised in Figure 116. The results indicate that the tensile component of 
the pull-out curve exhibits gradual reduction in failure energy while maintaining the same 
maximum load values with increasing mode mixity up to 0.64 or 40
o
 loading angle. On the 
other hand, the shear component shows linear increases and reaches maximum at 0.64 mode 
mixty for both values. This is due to the fact that the pin is completely pulled-out (indicated 
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in Figure 115a) and the bearing component becomes prominent in the pull-out process with 
increasing shear-dominated loading. Beyond this point, the shear load component continues 
to increase while tensile load and pull-out energy drops exponentially as the contact pressure 
between the pin and the composite exceeds the pin strength leading to pin fracture, which 
reduces energy absorption.    
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(b) 
Figure 116: (a) Maximum pull-out load and (b) total pull-out energy vs mode mixity ratio 
with failure mode indicated 
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The pin failure mode is comprehensively mapped for variation of L/D aspect ratio and 
mode mixity ratio, and results are shown in Figure 117. The results indicate that when mode 
mixity is 0 (pure tension), a transition L/D aspect ratio value of 6 is predicted to achieve 
complete pin pull-out failure mode. Above this value, pin fracture failure mode occurs and 
the pin fracture energy is approximately 30% of the energy when the pin is pulled out 
completely. This agrees well with the previous experimental data in Chapter Four. It should 
be noted that the transition L/D ratio predicted numerically is higher than the value 
determined experimentally in Chapter Four. This is because the experimentally tested small 
pin (D=0.5 mm) had inherent porosity distributed randomly along the pin, which reduced the 
pin strength from 1028 MPa to 725 MPa. As little porosity is seen for the large pin (D=1.0 
mm), the material properties of the pin used in this numerical procedure were of the bulk 
material, hence higher predicted transition value.  
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Figure 117: Failure mode for varying L/D aspect ratio and mixed mode angle 
 
The results in Figure 117 also indicates that when the pin L/D aspect ratio is below the 
critical value of 6, the pin pull-out failure mode occurs for mode mixity loading ratio range 
from 0 to 0.5 (tensile-dominated loading). When the mode mixtiy is increased to 0.64 (shear-
dominated loading), the critical value reduces to 3.5 for pin pull-out failure mode to occur, 
above this value, the pin is pulled out partially followed by pin fracture. This is indicated in 
the cross-pattern region in Figure 117. Further increasing the mode mixity to 0.98 (80
o
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loading angle) sees gradual drops in the critical aspect ratio value from L/D=3.5 to L/D=1.0. 
Under pure shear loading (90
o
 loading angle), pin fracture mode was observed for all pin 
aspect ratio. 
More broadly, the results indicated in Figure 117 provide essential information on 
how the pins geometry is affected by the use of a different pin material under different 
loading condition. For a material with strength lower than titanium, i.e. aluminium, the pin 
transition aspect ratio under Mode I loading condition is reduced as the pin strength is 
directly proportional to the L/D value. Furthermore, the transition L/D curve under mode mix 
loading will also be shifted such that complete pull-out mode occurs at a lower mode mixity 
ratio due to lower ductility and bearing strength to sustain pin bending effect. On the other 
hand, material with higher ductility such as stainless steel is more likely to achieve complete 
pull-out mode under a higher mode mixity ratio due to better ductility to resist bending. 
Finally, the results indicate that the pin must be designed to be relatively thick and short to be 
absorbing high strain energy under shear-dominated loading. 
7.5.   CHAPTER CONCLUSION  
A numerical investigation was carried out in this chapter to quantify the pin critical 
length/diameter aspect ratio to achieve pin pull-out failure mode under the full range of mode 
mixity loading ratio. A modelling methodology was first developed taking into account 
important aspects of the composite microstructures and incorporating the corresponding 
damage models for each respective materials and interfaces. The pin/composite interface is 
simulated with two interaction properties: (1) exponential interface cohesive law and (2) 
global Coulomb friction/pressure contact. The developed cohesive laws predicted well the 
pull-out response of small pin (L=2.0, D=0.5) and a large pin (L=3.5, D=1.0) specimens 
under pure Mode I (tensile) loading. When shear loading component is introduced, a friction 
coefficient of 0.5 was found to provide close comparison with all experimental data of the 0 
to 0.5 mode mixity ratio specimens. Correlating the damage profile with load response during 
the pull-out process of the offset angle pins shows four distinct regions: (1) elastic slip; (2) 
progressive pull-out with gradual reduction in load; (3) resin spalling and pin bending with 
plateau loads; (4) loss of contact and sudden drops in load. Increasing the mode mixity ratio, 
the resin spalling damage is more prominent as the bearing component increases. This 
behaviour agrees well with what was seen in experiment.  
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Parametric investigation on the effect of pin geometry on pull-out failure mode under 
a full range of mode mix loading effectively indicated three sections in the map of L/D aspect 
ratio vs mode mix loading ratio: (1) pin fracture; (2) pin pull-out completely and (3) pin pull-
out followed by pin fracture. The pin fracture section is defined by the area above an L/D 
aspect ratio of 6, below which, the pin is pulled-out for all tensile dominated loading (mode 
mixity range 0 to 0.5). The energy of the pin fracture mode is approximately 30% of the total 
pin pull-out failure mode. Once the loading condition is shear dominated, the critical aspect 
ratio reduces to 4.5 and 1.0 for 0.64 and 0.98 mode mixity ratio, respectively, to ensure pull-
out occurs. When the aspect ratio is higher than the critical value under mode mix loading, 
the pin is pulled out and followed by fracture. The total energy absorption of this failure 
mode is between 31% and 99% of the complete pin pull-out energy. The results indicated that 
the pin must be designed to be relatively thick and short to be pulled out completely for high 
fracture energy under shear-dominated loading. This chapter completes the final objective of 
this PhD thesis on the development of numerical models at different length scale for hybrid 
structural joints.  
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CHAPTER 8.     CONCLUSION AND RECOMMENDATIONS 
 
8.1.   RESEARCH FINDINGS 
Bonded joints offer ideal stress distribution for hybrid metal-composite structure and 
can be further enhanced with nature-inspired hierarchical surface features enabled by an 
additive manufacturing technique such as Selective Laser Melting. This PhD thesis uses 
experimental, finite element and analytical methods to characterise the adhesion properties of 
the micro as-built SLM surface texture and macro energy absorbing features of crack 
deflection and mechanical interlocking to answer the following research questions: 
1. What is the basic adhesion behaviour of SLM manufactured surface in term of 
strength and fracture toughness? 
2. What is the adhesion response of imprinted SLM macro surface feature and how does 
crack deflection increase fracture toughness? 
3. What is the contribution of integrated pins to the adhesion properties of metal-
composite joints? 
a. What are the failure mechanisms of a pinned metal-composite joint? 
b. How do the pin geometry parameters affect the joint performance? 
c. What is the feasible design space of a pinned metal-composite joint? 
4. What are the requirements, predictive capabilities and limitations for a numerical 
modelling methodology capturing the adhesion response of metal-composite joints at 
different length scale for each level of adhesion? 
 
8.1.1.   Micro surface texture 
The adhesion properties of as-built SLM surfaces are remarkably high in adhesively 
bonded metal-metal joint and co-cured metal-composite joint. This was attributed to the 
inherent micro surface texture, which consists of a large number of partially melted particles 
produced by laser heat dissipation during the SLM printing process. Similar to the standard 
treated surfaces and natural jointing surface, these uniformly distributed particles create 
micro ridges of approximately 12 µm on the surface allowing the adhesive/resin to flow in 
between and in turn produce micro level interlocking effect between the adhesive and the 
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SLM as-built surface. This characteristic effectively resulted in an interface stronger than the 
FM300-2K adhesive properties in the metal-metal joint and the composite interlaminar 
properties in the metal-composite joint; evidenced by cohesive fracture in the middle of the 
adhesive and in between composite plies, respectively. In terms of adhesion response, the 
fracture behaviour in a metal-metal joint has a brittle nature with stable crack resistance 
fracture toughness of 1.3 kJ/m
2
, while metal-composite joints exhibited two concurrent 
damage mechanisms starting with resin fracture at 0.2 kJ/m
2
 followed by fibre bridging 
mechanism, which raised the fracture toughness and reaches plateau at 1.1 kJ/m
2
. Numerical 
models using interface cohesive elements to capture crack resistance of both joint types was 
developed. A single layer of cohesive element described with FM300-2K manufacturer data 
can effectively capture the brittle crack propagation of bonded metal-metal joint. 
Superposition of two cohesive elements at the interface representing resin fracture (high 
strength, low toughness) and fibre bridging (low strength, high toughness) mechanism is 
effective at capturing adhesion response of a metal-composite joint. 
8.1.2.   Crack deflecting features 
Macro crack deflecting features was successfully incorporated onto the SLM surface by 
printing the titanium specimens at 20 degrees vertically. In this work, four types of repeating 
patterns of 200 µm in height were introduced, namely, dimples and grooves into and out of 
the adherend surfaces. Combined with the inherent surface texture of 12 µm, all macro 
features are effectively a hierarchical structure acting a two different length scales. In the 
adhesive bonded metal-metal joint, the features were ineffective at further enhancing the 
fracture toughness. This was due to the adhesive thickness of 0.2 mm and the crack 
propagation process remaining in the middle of the adhesive, thus no crack deflection around 
the features occurs. On the other hand, in a metal-composite joint, under curing, the 
composite fibres are being pressured to conform to the shape of the features; thus, the 
interface between composite and metal adherend exhibits a macro wavy pattern and an 
intrinsic micro surface roughness. During crack propagation process, the crack front follows 
the defined wavy crack path closely, which introduces mode mix effect around the features 
and a total increase in crack length. This characteristic is most effective with outward grooves 
patterns, which enhance the load and fracture toughness by an average of 50%. Each of the 
factors contributing to the outward groove features were quantified numerically with the 
established element superposed procedure and were found to have roughly equal 
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contributions to increasing the fracture toughness of the hybrid bonded joint for the crack 
path observed. The results of both types of joint reflect the criteria required for the occurrence 
of crack deflection phenomenon. Firstly, the micro-surface morphology must be able to 
provide higher interface strength as compared to the bonding composite material. Secondly, 
the macro features must be able to create a deﬂected or wav  crac  path.  
8.1.3.   Mechanical interlocking features 
Similar printing orientation was also used successfully to integrate mechanical 
interlocking features in the shape of cylindrical pins on to the metal adherend. For all studies, 
pin diameters of 0.5mm and 1.0 mm were used with varying other geometric parameters. 
Excellent bonding with no presence of residual thermal cracks was achieved at the interface 
of the pin and the composite after co-curing despite the differences in thermal coefficient of 
expansion of the two materials. To characterise the performance of the integrated pin-
reinforced hybrid joint, a multi-scale experimental, analytical and numerical analysis is 
conducted. A unit cell single pin-reinforced composite specimen is first pulled out under 
tensile loading to measure the pin performance in terms of load energy absorption vs failure 
mode and to identify the parameters for an analytical pull-out law. The analytical law is then 
used as input for non-linear spring elements to represent the discrete pin behaviour in a 
numerical model of multi-pin joint, of which the basic interface adhesion is already 
established by the unpinned specimen.  
8.1.3.1.   Failure mechanism of pin integrated metal-composite joint 
Based on the single pin test, the average pin/composite interface strength is 48 MPa 
and the pin strength is approximately 730 MPa. The two properties are used to determine the 
respective transition length/diameter aspect ratio is 3.6, above which pin fracture occur with 
minimal energy absorption and below which the pin is pulled out absorbing a large amount of 
strain energy. In addition, an analytical law is developed to describe the pull-out process of 
all pin geometries which, under pull-out, exhibit deteriorating interface properties with 
increasing pull-out length. The numerical model of DCB specimen applying single pin pull-
out law and basic interface adhesion shows high prediction capabilities when compared with 
experimental data of multi-pin joint. Both numerical and experimental results of 0.5% pin 
density show an increased maximum load, initiation fracture toughness and steady-state 
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fracture toughness by 270%, 250% and 377% respectively, provided pins were designed to 
pull out of the composite and did not fracture. Detailed parametric studies were conducted 
and the following conclusions were drawn: (1) pin aspect ratio should be close to transition 
aspect ratio to achieve maximum pull-out energy; (2) pin density of a multi-pin joint should 
be limited to 1% above which adherend fracture occur; (3) pin distribution should be in a zig-
zag formation to achieve optimal energy absorption with smaller damage zone and less 
reduction of composite in-plane properties.  
8.1.3.2.   Effect of mode mix loadings, support conditions and pin features 
The work extended the same analysis method to investigate the design spaces in terms 
of constraints types, mixed mode loading, pin insertion orientation and pin surface features. 
Fixed and “relaxed” constraints are applied to the specimen during tensile pulling process, 
while the former only allows uniaxial vertical motion, and the latter allows the specimens to 
self-align via horizontal displacement to accommodate the pin pull-out motion. A mixed 
mode range from 0
o
 to 30
o
 was applied by introducing pin angle, which effectively creates an 
offset between the pin axis and the loading axis. The single angled pins were subsequently 
inserted along and against the composite fibres direction to study the effect of different 
contacting material, i.e. resin when the pin is inserted along the fibre directions and 
composite fibres when the pin is inserted against the fibre direction.  
When inserted along the fibre direction, under “relaxed” constraint, the total pull-out 
energy increases by 93% from 438 J to 846 J with increasing mixed mode angle from 0
o
 to 
30
o. This is caused b  the effect of additional bearing stress which introduces an “enhanced 
friction” to further resist pull-out when the pins come into contact with the composite. Resin 
crushing damage mechanism is experimentally observed as the two adherends horizontally 
slip to accommodate pin pull out process. On the other hand, the pull-out energy under fixed 
constraint remains relatively similar at approximately 587 J (8%) with increasing mixed 
mode angle. This was found to be attributed to the resin spalling damage mechanism due to 
the bearing pressure which spalled out the contacted material under the rigid vertical motion 
of the pin. This bearing pressure effectively enhanced frictional contact to resist pin pull-out 
while continuously spalling out the contacted material leading to less energy absorption, 
hence no change in overall energy with mixed mode angle. Similar pull-out behaviour in 
terms of damage and energy adsorption were observed when the pin orientation changed 
from being aligned with the fibre direction to against up to 20
o
 mixed mode angle. Above 
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such angle, the bearing stress exceeds the interlaminar strength of the composite and 
catastrophic composite fracture occurred. Composite fracture also occurs when the straight 
cylindrical pins are introduced with features such as pyramid tip and helical shape, which 
produce hooking strength stronger than the interlaminar strength of the composite. On the 
other hand, when groove surface features are integrated, progressive pin pull-out mechanism 
was seen and the groove features effectively provide higher contacting friction improving the 
energy absorption by 60%.  
All of the single pins properties are compared with the multi-pin joints of 1.0% pin 
density and it was found that the single pin pulled out under fixed constraint correlates well 
with the DCB specimen in terms of damage profile and fracture energies for all pin angles 
and pin geometry. While this is novel findings for DCB specimens, the “relaxed” constraint-
single pin results are also critical when an integrated structural joint is not rigidly supported. 
Furthermore, the orientation of mode mix loading with respect to crack direction was also 
investigated and little effect was seen on the overall crack resistance behaviour up to 20
o
 of 
mixed mode loading angle. Finally, pins with groove surface features enhance the fracture 
energy by 11800% up to 13 kJ/m
2
, which is substantial for a hybrid metal-composite joint.   
8.1.4.   High fidelity numerical model of pinned hybrid joint 
 Due to the complex damage mechanisms occurred under mixed mode loading 
condition, the analytical model used to describe the pull-out process of the straight pin cannot 
be applied to predict the bridging law of the angled pin. Thus, a high-fidelity model is 
developed to capture the nonlinearity behaviour of different materials and the constantly 
changing boundaries conditions of the hybrid joint. This model is essential as the predictive 
capability of the structural scale model is influenced by the accuracy of the provided pin pull-
out input. In this model, the characterised micro-structure of the composite and the pins such 
as modified elliptical pin cross-section, pin fillet, composite fibre waviness and resin rich 
zone are used to generate the in-plane and through-thickness mesh. Abaqus built-in ductile 
damage model is used to capture titanium fracture, Hashin model is used to capture 
composite ply failure and elastic perfect plastic are assumed for the resin properties. The 
interface between the pin and composite is modelled with interface cohesive elements with 
only shear properties. Coulumb friction/pressure contact relationship is described between the 
pin and the surrounding materials to capture bearing stress under mixed mode loading. Large 
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pins (D=1.0) with increasing length was analysed and the critical aspect ratio as well as pull-
out curve was well captured. In addition, mixed mode loading effect on load vs displacement 
curve and damage mechanisms such as resin crushing, pin plastic deformation and plies 
fracture correlate well with experimental data. Essentially, the high predictive capabilities of 
the model allow all different geometric configuration of the pins reinforced hybrid joint to be 
accurate analysed for all types of loading condition. The results can be used as input to 
further predict structural scale model of different joint configuration such as lap shear. 
The research outcomes of this PhD resulted in significant contributions to the current 
body of knowledge for hybrid metal-composite joint and propose innovative bio-inspired 
hierarchical joining techniques capable of replacing current joining standards for light weight 
structures using additive manufacturing methods. All the outcomes combined shows strong 
evidence that this innovative bio-inspired adhesive-reinforcement joint has potential for 
significant efficiency gains in modern aircraft structures. 
8.2.   RECOMMENDATION OF FUTURE RESEARCH 
The crack deflection surface features proposed in this study provide significant 
improvement in hybrid joint performance under Mode I loading condition. The main 
mechanisms were identified to be increased crack length and mode mix crack front when the 
crack is forced to deflect around the features. It is speculated that these two factors will also 
enhance the joint performance under Mode II loading condition. Therefore, future research 
work in this field is recommended to characterise the effect of the studied surface features on 
joint performance under shear condition. The numerical models developed in this thesis can 
directly be used to couple with experimental data to further predict and quantify the joint 
properties. 
Similarly, the experimental and numerical multi-scale analysis approach developed in 
this thesis to characterise the Mode I performance of pinned hybrid joint can also be extended 
to assess the Mode II properties. Essentially, a single pin specimen with varying offset angle 
can be manufactured in a single lap joint configuration to assess pin performance with shear 
loading. Thus, the effective length to diameter (L/D) to promote pin pull-out that was 
identified numerically in this work can be verified. Additionally, the high fidelity numerical 
model can be used to further study the pin orientation with fibre direction in details.  
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